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Preface 



The use of solar energy for sp^ce heating, (pooling, and supplying 
• domestic ,hot water to buildings*- is receiving serious attention at present 
due to the mounting public awareh^ss *of the. shortage -of conventional-jfuels 
*It»is clear that this trend , is' creating an on-rush of solar components of 
various designs, all claiming -high efficiency ^nd potentially significant 
fuel 's.avings if used. The purpose of the research |)rogram presently urlder- 
way at the N^ional Bureau o'f Standard^, and whose preliminary results are ' 
describ^(J in t;iij?6. report-, is to develop >val(iat ion -and testing methods . 
'for, solar collectors and thermal storage devices so that the compoAents 
can. be evaluated in a lafeaning^il .and consistent way. ' • 

• In discussing testing procedures, tiertain commercial components are 
IdentiTied in^. order to provide'a descriptive characterization of^ tjieir 
features and resulting performance for a particular test.. Inclusion of * 
a given component is this report* in no case implies* a r^ecommendation or 
endorsement ty the National Bureau of Standards, and the presentation 
should not be construcfed as a certification tHat' any ' component would 
provide tY\e indicated performance.* Similarly the omission of a c9mponent 
^ does not imply that its capabilities are less than those of the included v 
components. The information presented was obtained pri-marily^'from the 
open, literature,. This report is intended to be informative and instructive 
and'^not an evaluation of any commercially available components. 
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DevelOpmenV of Proposed Standards for Testing 
Solar Collectors and Thermal Storage Devices 



Jjames E..Hill, Elmer R. Str^ed, George E. Kelly, 
■ « Jon C. 'Geist, Tamami Kueuda • 



ABSTRACT 



, A study has J)eer> made at the .Nat^ional Bureau of Standards of the 
different techniques that are or could^fte used for testing solar^ollec- 
■tors and thermal storage 'devices that ai^e .used in solar heating kpd 
cooling systems. This report reviews th^ various testing me-^iods and, 
outlines a recommended t^st procedure, including apparatus and instru- 
mentation, for "both components. .The recommended procedures have , "been 
written 'in the format of a standard of the ^^erican Society^of Heating, * 
Refrigerating, and Air Conditioning Ehgineers^^and have "be?n submitted to 
that organization for consideration. 



Keywords: .^Solar collector,, solar energy; 's^tar radiation, standard; 
standard test; thermal performance ; i thermal storage. 



• ' - • .. 

♦ 1. Introduction • - > ^ • 

The use of solar energy for space , heating , cooling, andi supplying domestic hot water * 
to^ buildings is receiving serious attention at present (^ute to the mounting public awareness 
of the shorlag*e of conventional fuels. It -is clear that this trend is grealiing an on-rush 
of s61ar ^components of Various design^,'' all claiming high efficiency and potentially \ 
significant fuel savings if used. The purpose of the^research pro^i^am presently linderway 
at the Nationetl Bureau of Standards (NBS) euid .whose "preliminajfy results are described in t 
this report^ is to develop evaluation and. testing methods for solar collectors and thermal 
^tortfge devices so tfiat the components can be evaluated in a meaningful and consistent- way, 

Pne manuf actiirer^ of a solar collector [l] reports that "on a' fine sxmny day about .12 
gallons' of lUO^ 'l60 hot water or alternately , 2k gallons of .hot wat^f at approximately 
120 can be obtained from a single 12- gallon heater unit if the water is used throughout 
the day'\ A second memufacturer [2] provides. a curve *of calculated "eihnual thermal effi- 
ciency" jas a function of hot water temperature,. A third manufacturer [3] gives curves of 
"instemtaneous efficiency" as a function of solar insolation and temperature* difference 
between water and ambient. The three diffe1>ept performance levels cemnot be compared in 
a meaningful waj^ because they were obtained or calculated under entirely different conr 
ditioris. A collectors' thermal performance, varies depending upon many parameters, such as, 
operating , temperature, liquid flow rate, solar insolation, orientation, tilt, time of day, -» 
wind conditions, outdoor tem^^erature * clearnes^ of the logjal sky, etc, ^ 

It is felt "that steuidardized testing and rating proc^'dures in a form similar to those 
published for ITuel-burnipg hekMng equipment and for air conditioners and heat pumps are? 
needed. They ^provid^ an equitable basis Cor competition among manufact\£i*^rs-and an essential 
basj^ for design and selection* ©f equipment. , , 

% - - ♦ 

In order to ^fulfill the identified need for standard' testing and rating metho^ds , the 

Thermal Engineering Section, Center for Building Technoiog^y of the National Bureau of 
Standards .undertook a project in Fiscal Year 197^+ with S'Uf)port from the National Science, 
Foundation [h] to develop such procedures for solar Collectors and thermal storage devices. ( 
A thorjgugh review was mads of all available literature covering mfethods of analysis emd 
methods of testing these components. In addition, 'vis4.ts were'.made'to a» numbeV of ^fapilities 
doing testing of solar* components ^d systems during the latter half of fiscal Yeeir 197^. 
All of the information was then synthesized and recommended test methods for. the two components 
.were written. The purpose of the present report is to present the results of this entire 
effort. . * ^ . ' 

^ In conducting the project, it was realized that the performance <5f solar collectors and . 
th^ir associated storage devices depends to some^e^ttont on the system ia whicii they are 
used. However, it was felt that'the evaluation process for a total, system* was impractical due 
to the large number of ways tlv^ solar energy can be applied in ^juildings. Therefore, the 
scope of the present program is to deveJ^op -testing procedures for evaluating solar collectors 
and theiTnal storeige devices as individual coiuponents. As a result of i^hb recently enacted ' 
Solar Heating emd Cooling Demonstration Act of ^197^. [5], NBS is planning to expand the * 
jcesults given, herein to de^f^l^ guidelines fqr evaluating total solar' heating and cooling 
systems. ' ^^^^ * . t 

The^ term ev^uatlon can intfe^rpreted in a limited sense cjr k broad one*. ^ For exajtfple , 
it is reasonable to assjame that one o^the primary' factors in detennimng whether solar 
heating and cooling Ari.ll be adopted on V large scale will be an effcjjfOTiic one.^ (At a recent 
meeli'i^g &C the; Interna^onal Solar En^g^ Society , *it was pi;:Qpoer^a thai] this on§ be the 
primary *f actor [6].f Likewise ^ tlie diff iouitylti procurij^^ ^ 
maintainlrjg , and the safety in using th^ 'device mufet eLLscJ b6 considerea. The investigator^ 
of this -studj^rfeel tliat» these factors aire jail impoiMiant.y However, retther than attempt to 
produce an all -encompassing, "standard" , iy was felt mo ac reasonable /to linlit the present . 
work to the establishment of evaluation pio'cedures baafejj^^ontjffeiqm §JLone. ' M&ny 

of these other factors are addressed^in RaferSwe [ Tj^or ^es0entrai solar heating and 
cooling systems. These^ procedures ^uld tV^ ^fe^^iJSad directly or as a ^asis for a broader 
evaluation document at a later time^ ^ * " ^ 

. T 

rigures in brackets indicate lit^ature references t>n pag? "50. 



Sections 2 and 3 this report cov^r a review ol b©th methods of analysis suid methods 
tof testing ^solar collectors and thermal storage devices, r,espectively , as well as presenting 
some"of**the relevant experimental data. In addition, the recommended test procedures are 
outlined and the full test procedures written in the format^of a standard of the American 
Society of Heating, Refrigerating &nd Air Conditioning Engineers (ASHRAE) are given in 
'Appendices A "and B, respecti>veiy . 

In compiling the material ,that was used as the ba~sis of the present work, a, thorov^h 
search was made of the available literature including t^e us^ of published litei^ture 
reviews .in .References [8, 9, 10, ll]. In £uidit:\oi>, the most up-to-^ate material on cvurrent * 
Australian testing techniques for solar collect(^rs »was obtained throijgh the assistauK^'e of 
the late Dr. Ralph G. Nevi^s 6f the John B. ?iefce Foundation. Mr. Joir Geist of ther. Optical 
Ra,diation Section, NBS ass'isted in the evaluation of the state-of-the-art itx solar radiation 
' instrumentation. His viewpoint of,the current atatus of radiometry and its role in the 
characterization of .solaf- collectors is given in Appendix C. ' 

The tett procedures in Appendices A and B were originally drafted, dated August 10, 197^5 
and presented to a group of ^0. to 50 government, university, and industrial reseeo^chers at 
a specially covened workshop . A list of the participants at this workshop is given in 
Appendix D. Following the verbai and subsecjueijt written aoraments of many of these i partici- 
pants, a second draft was prepared and dated. November 1, l9T^. ' » 

- * ' 1 ' 

In late November 197*+, NBS printed copies (in draft form) of a document entitle^ "Interim 
Performance Criteria for Solar Heating'and Coolihg Systems"" [7 ] . This document was wri^tten 
for the Department of Housing and Urban Developnent (HUD) as part of the ♦Solar Heating and 
Cooling Demonstration Act of 197^ [5]. The*Nov,ember 1 version of the testing documents 
were referenced in thio larger document. "NBS convened^ ^special panel to r-eview'^the HUD _ 
document. The panel in tur.ji reviewed the testing ^procedures in great, detail. The make-up 
of this panel is also given *in Appendix D. ' ^ ^ $ # 

' . V ^ ^ - ^ . 

^ At the end of November ^9T^, "Che solar c9llector test procedure was presented to 
anc?ther workshop in NeV York that was convened for the public by NSP. At the conclusion 
of the workshop,* a special working group a4dressed *the subject of soleo: collector testing 
and made recommendations concerning the NBS test procedure [j.2]. ^There was' a^ similar work- 
shop on thermal st^orage-. devices held in ChsLrlottesville , Virginia . As with the collector 
workshop, a special woi;kins group ma*de recoigmendations concarning the NBS proposed test ^ 
procedure [l3^. . . 

As al result of the direct feedback from these various sources, third versions of both 
procedures'^ere prepared.. Due. to the laxge^ demand for-^-these documents, they were published 
separately [1*+, 15]. The testing procedures incljided in Appendices A and ^B herein are 
^^^s^ntially the same as published previously [1*+, 15]> ' 

. ^ * 

At the present time, the testing procedvires are "being considere<i by recently formed 
committees of ASHRAE as possible ASHRAE Stah'dards. Members of the NBS team conducting the 

current' res eeurch are^ active on the ASHRAE committees and will supply the latest results 

from this project, as thfey become availltble. 



^NSF/RANN Workshop on the NBS Draft Standafd3 for "testing Solar Collectors and ajhermal . 

Energy Stoi'age Devices, Colorado State University, Fort Collins, Colorado, August 23, 197^» 

' • / . ' » . 

\SF/RANN Workshop on SoleCr Collectors for Hea'ting-and Cooling of .Buildings , New Xork, ^ ' ^ 

November 20-23, 197^+. . ^ , . ' 

^NSF/RANN Workshop on' Thermal Sto;rage f^r Heating'and Cooling of Buildings, Charlo^ttesville , 

Virginia, April 16-I8, 1975. . * * - ' 
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2. Solar Collectors 

The practical use of solar energy for the h&ating and cooling of buildings requires 
the isollection of radicuit solar ehergy, conversion to^ thermal energy, emd the transfer of 
the thermal energy to storage or directly to the component or space utilizing the energy. 
Because of the distributed nature of incident solar radiation , .special" collecting surfaces 
are required to collect and convert this energy in a cost effectfve manner. 

The Judgment used by designers and/or consumei?s in 'selecting a specific solar collector 
is usually based on^^ome combination of mathematical analysis, experimental' data, ^ cost, 
^uaM expected reliability/durability. In addition, experdmentar data is^ invaluable to the . 
mmiufacturer. for the refinement of collector design to optlimi?? performance as well as for ' 
vJ^ifyingT the performance at specific operating conditions. 

: ^ . 7 ^ , ^ ' . 

Testing of collector, components may be performed in the laboratory to obtain basic,, 
thermophysical property data such as §olar abSorptance , emittajice , and transmiitance . 
Laboratory tests can also be performed on the total collector and used to determine heat 
loss characteristics ilnder non-idreRiiating conditions or total thermal performance un8.er 
irradiating conditions. Solar simulators allowing indoor irradiation tests under controlled 
ambient conditions are in upe. Ourtdoor irradiation tests allow one to deterndne thermal 
performance under in-nse conditions. 

This section of the report pre'sejits a summary of state-pf-the-ar\ testing procedures 
with typical results and describes ^a recommended t^st procedure useful for the ratir>g of' 
solar co<llectors basest upon thermal performance. The result^ of these tests ^an ^e used 
as reference for procurement, consumer information or even varr^nt^ protection. _ 

c ■ * . . _ . - 

2.1 Typical Collector Design and Characteristics • 
o • ^ ^ " * 

Collectors' can be generally classified as either flat-plal^e^or focusing types. The 
flat-plate *coliector is one in which the abs(jrber surface for solar radiation is .essentially 
^ flat and where "the absorl^er area is equal to ;the aperture for incident radiation. The 
focusing collector is one in which the absorber aire a' is smaller thop. the aperture for in- . 
Cident radiation and congequeatly there is concentration of energy pnto th'e absorber surface. 

Predomineuit use the flat-plate collector for space heating, and domestic water ^eatin^ 
applications is attributed to the relatively low temperatures required l< ^C) as well as 
the reliability of operation without moving parts. ^However, «some of the current research ^ 
an^ development is emphasizing cooling applications Requiring higher heat trqpsfer fluid 
V tetoper^-tures (80-120 ^C) and collector designs which include optical concentrating, elements. 
*vThe concentration ratio of ao^ec1)c^s used for fifeating and cooling, applica^pns are usually 
\below approximately ^our or\^^ arifcl the generalized analysis techniques for flat -plaice ^ ^ 

\eoflectors will usually'* apply to'lrltese types of collectors us well. 
\ <- •. * - * 

Another major classification of solar collectors is according to wh§tKe» they use a 

Squid or gas as the heat transfer' fluid*. Water has been the principal fluid, for applica- „ 
ons in. the lower latitudes of the U.S-. but as installations*^ in the colder climates become 
economical^ feasible, the potential freezing problem iiiay encourage the use of air or^othei- 
gaseous fluids* \ ^ . , 

The cross-section ,of a typical flat -plate liqiiid-heating solar collector is shown in 
* Figipe 1 [l6]. The collector consists of an ablorbe^r plate with integral flow passages, 
two ^covers, thermal, insulatioii and protective pan, ahd a semi -hermetic ally sealed edge 
pons'^ruction with a metal-edge retaining system. .EagR 3 mm (l/8 in.) thick cover 
is made of fully tempered clear float glass. The spectral transmiitance of the coVer glass 
is shbwn in j?lgure 2 land varies from 90 percent in the\0^k to 0.6 Mm wavelength rangerto 
about^SO percent at 1.6 pm. * Integration with the air iriass 2 spectral ^distribution «ives 

r: T"; : \ ^ - • 

'^Vir mass is approximately equal to the secaat of the'zenith an^l^ (6^) of the sun. I.e. 
i.e. -6 = 0°' (overhead), air mass = 1.0; 8; = 60^ , air mkss = 2^0. 



■ \' • , - . \ . 

a total solar transmittance of 0.8^1. The glass emttsurice for tl)e temperature range of -2C'to 
70 °C is reported as 0.90. The absorber plate consists of two diffusion-bonded metal sheets 

^ * containing 'integral liquid fluii passages. Each»end of the plate has a manifold section for 
connection to the fluid distribution system. The gl^ss covered side of the metal ^plate is 
ccfeted with a black paint' which has a spectral reflectance^ of approximately 5 percent 

. throughout the vxs^tble and infrared wavelength regions as shc^ in Figure 3. The eqiftvalent 
transmission-absorption product as a function of angle of incidence for this type of col- « 
'lectcjr witl) 1, 2/3, or \ cover glasses is shown in Fi^re U [1T]. The product is relfittively 

constant for incident angles out to approximately ^lO^. * ^ ' 

) ^ i \ » r f - , 

/ / The heat transfer coefficient .for heat loss put ^e top^f the collector Is shown in" 
Pp.gure 5 as A function of average plate temperature [i8]. The coefficient for 1,'2, and ^* 
covers is relatively linear with ambient temperature over the range of -20*^ to \0 ®C as 
showp. Typical thermal response fop this type of collector with 2 glass cover ^plates and 
with good thermal insulation is shpwn in Figure 6 [l9]. 



2.2 J^ethods of Analysis 

It has been shown an'd* discussed by a number of investigators [20-26J that the performance 
of fiat-clate collectors operatitjg under steady-state conditions can be adequately described * 
by the following relationship: 



^ =^ (xa) - U, <t^ - t ) 
A e 3b P a * 



(!)• 



where 
A 

f . 

I 



= rat^ of useful energy extraction from the sola;* collector^ W ^ 

'■^ ' *' 2 • 

= cross^sectional area, ra o , - 

* . - ^ % 

= total solar energy^incideyit upon the plane of the solar collector per unit time 
per unit area, W/m • * _ - 



(xa) = effective transmissiOQ-absorptance product for the sole^r collector 



= heat transfer loss coefficient for trhe solar collector, W/(m 



t • = average tempeTature of the ^bsf^ber surface of the solar collector , 



= ambient ai*r temperature , ?C 



A very similar equation can be used^to describe' the performancfe of concenjtrating ^'collectors 
•[18, 27, and 2^. .Equation (ij bfeoome^ modified as follows [I8]': ' • ^ . 



Q ' . - A 

= I Cxa)^ P Y - (t^ 

•A e A r 

a ^ a 



t ) 

a 



T2) 



where ' , 2 

"a - = area of apertuffe for the concentrating collector, m 



ERIC 



p = specular reflectance of thsL solar collector .reflector ^ * 

Y = the 'fra^^ion of specxUarly refj^cted radiation from the reflector whi^ is' 

/izftercepted by the solar collector absbrbihg suWace 
<- • ' J ^ ' . 

• o • 2 » * 
,A. = ab^Orbin^ or receiving area of the concentrating solar collector, ^m 

t = average temperature of the absorber* su^rf ace of- |^he concentrating solar collector , C 
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m 



t 



,To assist in obtaining detailed information*U^5out the perfQ,rmance of various kinds of 
solar collectors, it has been convenient tcT introduce two' parfuneteys F» and F^^ vhei;e 



pi 

and 



actual useful energy collected] 



•useful ener^ collected if the "j 
entire collector surface vero ' 
at the average fluTd'temperaturej 



~" F = [c^ctual useful energy* collected] w • * , 

^ ' {useful energy, collected if the I ' ^ ' • 

• I entire collector surface were * • '*t / 

at the temperature, of the fluid^ , , • « . 

i entering the. collector | . - 

*' • # ' * * . 

Introducing these factors into equation results in new performance equations, repectively: 



r 



F*" I ^la) 



+• t ' 



ay; 



and * 



Si 

A 



where 



t = temperature of the fluid leaving the collector, 

Jt : = tei]^erature of the fluid entering the collector • 

-If the solar collector efficiency can b^ defined as 

n = factuaJL useful energy collected] 

fsolar' energy incident upon or 'j ^ 
j_intercepted by the collector j. 



or in equation form 



I 



then the efficiency of the flat-plate collector is given by: 

^(t - t ) ^ 
,n -\ (TCt) U. P a 

> e . irf — T t 




(7) 



or 



R — ^-^^^ ^ 



(8) 



* Regardless of v] 
that if the efficienc; 
wbere the slope is sr< 



\dh forzi.of,the efficiency equation is^^e<{, e<^^ations (6, 7, 8) indica^te 
is plot^^,»^^g^nst sozie appropriate a. straigiit line vili result 
function<^-S?ftfc^."aiid the y intercept is soae function of (la) . 'In 



reality is not a cons rant but rd1:hfe-'a functicto of t^e operating tenperature of the 



i -addition , the 
Igure 



collector and of the aibi^t weather conditions as shown in ?igureN5^. X3 
product ("fci)^ varies vi^h incident angl^ to the collector as shown inTlg 

^ rigufes T, 5, and S\ ^how typical test r.esults taken froa reference [29] for a flat- 
plate collector using vaier as the transfer fluid. The tests were run indoors using a solar 
sinulato;:. The valae of Rising tliree curves is that 'the slopes and y int*ercepts can be u;sed 
'together to deterziine the yalues of U. , and (la) , As discusrsed by Duffie and 

Becicsa^ [l6] sclar ::3llector perforriance for'^specific operating'' c9nditions cau be predicted 
with reasonable" accLiracy once the values of ?^ , , and (ra) have been dete'rained. 

2.3 Metl^s of Testing and Experimental Data 

The literat^ure reviev of "^st net hods revealed sany ainor variations of two basic 



procedures identified, her ain as^ 



Each nethod or procedure will a-lov the determination of the fundeaental characteristics 



of a collector such as heat Ics 
or long 'tem efficiency^. The c 



:he instantaneous procedure and the csLlpriaetria procediire. 



> coefficient^ transsittance-absorptance product and short 
loriaetric nethod is linited p^lrwrlly to those collectors 
using a liquid as the transfer iTluid because the heat capacity o^ a gas is relatively g^-A': 
'and^ the collected energy cannoti be readily stored and determined vitbcut trans fef* to 
another aediua. ^ ! ' . • * * ' 



When using the i^istantanefrus aethod, one aeasures the aass flow jrate of the transfer 



^^j^uid, the difference in fluidJ teaperature between the inlet 
8£11 siaultaneously and ondfer s|teady- state* conditions . The 1; 
deterained by 



and outlet .aa<i the insolation 
nstantaneous efficiency is then 



(9) 



wfaere-^ 



4 c^/^ = specific heat of jthe transfer fluid, J/(j£g • ®C) 



In the caloriaetric sethod,,'one esiploys a closed systea in which the tiae rat4» of change 
of the teaperature of a 'constant theraal aass is aeasured and related to the incident solar 
energy by; 



/ a c idt 



(10) 



where 



the mass of thejaedia in the calorineter^ kg 

the specific he^t of the nedia in the calorineter, "J/(kg • **C) 

averagef:tCTper8jture of the nedia in the calorineter', 

tine, s * . , ^ , • 



Figure 10 shows conbeptually the distinction between these two approaches., v 



1 There are advaat^ges and disadTant^ages to each nethod. With the instantaneous procedure, 

one only has xo sake seasiiresents on or around the collector • The requireaent for accurate 

seasureaents is i»re stringent tho*i^ since li, ^t, and I nust all be independently neasured* 

la the calorinetric sethod one only has to aeasure I and ^i. of the niass in the systea. If 

the caloriiietric ae^thod is enployed bovever, a very careful analysis of. the caloriiaeter pust 

be conducted in order to eliainajte errors dae to tenperature -gradients inside and to lainiaize 

or at least accurately deteraine the caloriaeter theraal losses to the external environaenf * 

It IS probably nore accurate to deteraine tne "instantaneous efficiency" vith the instantaneous 

'procedure, vhereas the average efficiency over a day is prcfbably acre easily deterained vith 

a caloriaeter. In that latter case, one vottld not have to deteraine the rate of teaperature * 

change SJ. of the nass in the ^caloriaeter systea, but rather Just the tenperature change (;^^ dt) 

and -total of insolation (j Idl) over the day. In, addition, the caloriaetric aethod is 

prinarfly linited to those collectors using 'a liquid as the he at -removal fluid becai^se^ the 

heat tcapacity of a gas is relatively saali and the collected energy te$ot be readily stored 

and deterained vithotit transfer to another aediua, " ^ 

I 

Soae of the specific procedures used in various part^ of the vorld during the past ^ 
ttenty-five years vill be briefly described. . Tne procedures vili include those for all ,« 
types of flat -plate or lov concentration rati^ collectors^ used fcr dcaestic vater heating, 
space heating, or refifirgeration applications. • 

Altbou^ solar dccectic vaterj heating systeas nuabering in tne thousands vere used in' 
Southern California in the 1920'^^k:Jd 30's and in Florida in the 19-0* s and 1950's, the 
nuaber of collector aanufacturers was ■sta''' and tnere is nc record 'of attcapts to standardize 
test procedures. The earliest record of qroantitatiTe data related to performance of flat- 
" plate collectors in the "Jnited States va^ published by Broois in 1936 [30]. Sxperiaenrsl 
invest igati<xi asd verific^icn "of the theory related to the perfi^::ance of flat-plate collec- 
tors vas ccaaenced by Hottel and Woertz [20] at K.I. 7. in the 19^0' s and ultiaately resulted 
aethods for predicting long'-tera average collector perforaance [22]. The application of ' 
these studies led io the develop^nt of a standard test proposed "by Whiltiier and Richards , 
of South Africa (31]^. ' ' v% • 

- South AfrjLcan Procedures • '* 

The test apparatus proposed by -WhiUier and Richards ISl^i is shovn in Figure 11, and 
espiloys an c^erhead liquid reservoir to continuously supply transfer fluid to the collector. 
, ^The liquid is heated to a constant teaperature and f lovs at a fixed rate vhile a blover 
aal^tains a c&nstant air speed over the collector outer surfaces. Continuous aeasureaents 
are sade of the folloving paraaeter^: 

ij.J/-v-2iquid flov rate, ^- ' 

b) total incident* insolation iti the collector plane, 
-» c) entering liquid and aabient air teaperatures , and 

d) tenperature difference betveen entering liquid and aabient air and entering and 
, leaving liquid. — 

t 

Tests are repeated for values of entering liquid teapei^ature cfovering the collector ^ 
in-service operating range. Frca the /results of tests af approxiaately five operating- ten- 
perattires, the mperical values 6^ Cta) , and F« can be deterainsd and the efficiency 
of the absorber can be caimuted for any praStical oi>erkting condition. 



^Austin WhiUier ha d ccudu cted a aajor part;"Of the basic vork done pi^eviously at'M.I.?. 
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, The fpllowing test conditions are suggested for uniformity: . . ' ' > 

a) Position the collector, so that the direct solar radiation incidence angle xs vithin 
.30® OT ndrnal to the collector, 

b) Liquid flW rate of 0.02*kg/s per a of collector area (1^;.? lb/(h » ft^)), 
= c) Cofi^tant ^^^-^^e^ over tHe collector of 2.2 m/s (5 mi/h). , ' ^ 

d) The transparent ch^er of the collector should be cleaned before testing, 

e) The' collector, ,1^ nev, should be left outdoors to age in the sun approximately four 
veeks before testing. The* purpose is to allov latent defects^in Joints, seals, or . 
materials of constjruction to become evident. Often a deppsition* of resins or dust 

^ occurs on the ianer glass surfaces, resulting from distillation from paints or in- 
'sulation material. ' v , - 

f } ?he solar radiation measuring instrument should be carefully calibrated and mounted 

. vith its sensitive surface parallel to the plane^ of the collector, 
g) The pressure drop across the collector should be measured and presented ori a log- 
log plot of pressure drop versus vater flov' rate. 

Whillier states that the full test of a* collector using this procedure would require only 
about three' hours of sunshine at any time of the year. 

^ubseq^er.t studies 'oy Vnillier [32, 33 j and Khan [3^] have stressed the importance of 
materials and construction 'techniques on collector performance. In order to obtain more 
detailed information about the heat transfer mechanisms occuririg, tests vere performed 
(in addition to the outdoor z&st above) in vhicl> basic thermal properties of the cover glass 
and absorber surface vere measured along vith indoor tests on the collector as a ^ole with 
zero irradiation. This latter test involves pumping Jiot vater through. the collector ari^ 
enables one directly measure a loss cdefficient for the collector. One possible source 
of error in using this procedure is that the collector surface is radiating to a sink that 
is at ambient temperature and iay not apprbximate the true sink temperature for a collector 
radiating to a normal earth-sky environment. 

The South Africans have als^ developed and published a procedure for testing solar vater 
heaters vne^-e the collectcr and the storage tank are connected, tne flov occufs by thermosyphon, 
aiK^xhe tvo components a^e testec together as a 'single unit [35, 36] . It is possible to 
compare the performance of collector of different designs one if careful to control such 
factors as pipe diameters, lengtns of pipe, thickness of insulation, height of storage tank, 
and capacity of storage tank. However, strictly speaking, the efficiencies determined are 
representative of the solar vater heating s:fstem as a whole emd not Just the collector . The 
testing procedure covers a series *of tests yocciiring over a thrfee-veek period in vhich the 
efficiency is calc^ated as t^ie ratio of ^le total energy content of a. measured volume of , 
water drawn off to the total energy incident on the collector surface. The procedure for, 
the three-veek testing period is summarized in "^able 1. Tests I and II are related to Ibss 
and storage characteristics of the system and are nof'used in determining the average 
efficiency. ^ ' ' * ^ ' * 

*. ' ^ /' . ' 

A comparison of 'the measured average efficiency of 12 vater heating systems in^ which 
the prijaary variable studied was collector type is shown in Table 2. Testing was performed 
throughout the year to estajjlish that the efficiency was, independent of seasonal condition. 
The two most important factors influencing the efficiency ^results of this particular test 
program were climatic conditions and the durQ-ti^n^ of the individual tests. For example, 
tests on a clear Say resulted in efficiencies -29^ percent higher than those conducted on a 
cloudy day for the same collector and water temperatxire. The use of thermosyphon flow » 
control "and storage containers resulted in ^b^antiaily large efficiency var^-atipns are 
averaged out# . ) 



Reference [37] also "describes a test that yr^ used for testing^ a thenaosyphori-t^*e water 
heater. ^ 
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Table 1 Three-Week Performance Testing Program for Solar Water Heate'rs [36] 



Tuesday 

Wednesdajr* 

Thursday 

Friday 



3rd Week 
Monday 

Tuesday,^ 



Wednesday 



Thursday 



• Day 


Test 


iStlWeak \ 




Monday * 


. I 


Tuesday 


II- 


Wednesday 


II 




m 


Thursday 


IV 


Friday 


IV 


2nd Week 




Monday 


I 



Friday 



V(a) 
V(b) 
V(b) 
VI 

VI 



I 

vn 



vn 



vni 



. vni 



Time 
(hours) 



08 3Q 
0830 
0830 
l?i30 
1530 
1530 



0830 
1400 
1530 

'1400 
1530 
1400 
1530 
0900 

,1100 
1400 
1530 
0900 
1100 
* 1400 

■'1530 



Nature of test. 



0830 

1530 
0830, ,0930 
1030, 1130 
1230, 1430 

1530 • 
0830, 0930 
1030, 1130 
1230, 1430 
. 1530 
0830, 0930 
1030, 1130 

1430' 

1530 
0830, 0930 
1030, 1130 

1430 

1530 



V 



Run off all hot water collected^during week-^nd 

Run off all hot water 

Run off all hot water 

Run off all hot wate.' , 

Run off ail hot water 

Run off ail hot water 



Run off ail hot water collected during w^k-end 

Run off 15 litres hot water 

Run off all remaining hot \vziev 

Run off 15;4.^tres hot water 

Run off all ceiuaining hot water & 

Run off 15 litres hot water 

Run off all remaining hot water 

Run off 5 litres hot water 

Run off 10 litres hot water 

Run off 15 litres hot water . 
vRun off all remaining hot water 
" Run off 5 litres hot water < 

Run off 10 litres hot wat^r 

Run off 15 litres hot water 

Run Aff all remaining hot water 



4- 



Run off all hot wat^r collected during week-end 
Run off 15 litres hot water 
Run off all remaining hot water 



Run off 10 litres Hot water ^ 

Run off all remaining hot water 

Run off 10 litres hot water 

Run off all remaining hot water 

^n off all-water above 40''C 

Run off all remaining hot water 

t 

Run off all wate^bove 40°Cr. . 
Run off all remaining hot water 



/ 



Note*, (i) 



For experimental purposes 'hot^^atrer-wa&--da£in ed as water 
with a- temperature of 5 C or more above cold water temperature, 
^ (ii) *Cfiiantities of water run off apply to a 70 litre tank, but can 
be altered proportionately to suif a larger capacity tank. 
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Table 2 



Comparison of Average Efficiencies for 
Different Solar Collectors^ [36] 







Average 




Type of absorber 

* * > 


efficiency (%) 


B: 
L : 


commercial radiaror 

t\N 0 corrugated galvanized ' 


56,4 




V 5 feel sh'eets - 


50.8 




corrugated galvanized ste^l 






v^neei on flat galvafi.iz€t,d steel 
/ sneet ■ ^ / * ' 






50,4 ' ■ 


^r; 


aluminium tdbe-in-strip'- '/'^ 


5,7 




galvanizedSiieel pipe frafne- * 






v.'ork on copp,ef:strips . 


54,6 • 


G; 


* loV-odst:unit, 'galvanized, steel 


55,9 


G: 


lo^v-cast unit, fibre-glass i 


55,6 ^ \ 


■ G: 


asbestos-ceme''ntr,uninsulated 


34,7 " - 


G: 


asbestos-cement, insulated 


44,b 


H: 


copper tube-in^strip ' 


49,2 




two flat steel plates 


. 4B,9 


J : 


black polyethylene piping 


53,5 





All absorbers were' covered with single glazing and', insulated oti/tlie. 
back. ' ' • 
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Israeli Procedures 

The heat transfer studies on solar collectors performed by Tabor [38, 39] have r^ulted 
in relatively large sceuLe use of flat-plate collectors in Israel. The need to establish 
an objective test procedure for th^ determination of the thermed efficiency in terms "com- 
prehensible to 'scientists, engineers, sedesman and customers" was recognized and a standaird 
test code .was proposed [hO], The collector properties to be reported are: 

a) The toteuL net exposed area (N.E.A.), including only the active absorbed airea 

b) The area required' f^r installation 

c) * ^he weight of the instedlation per unit N.E.A. 

d) The volumetric capacity for: f 

(1) absorber 

(2) storage tanks 

(3) piping and containers 

e) The maximum safe operating pressure 

f) The weather resistance - 

, ^ g) The corrosion resistance for p^rts in contact with humidity or heated water 

h) The quantity of insulating material used per unit N.E.A. and insulating .material 
properties : 

(1) thermal conductivity ' . , ^ 

(2) ' specific heat 

(3) neat capacity 

(W) hygroscopic properties 

i) The water treatment requirements (desceuLing, cleaning, draining, .and hygienic con- 
tamination) «• ^ 

/ * 

AdditioneuL information to be reported includes: . ^ 

ism 

J), The materials used ^ fl^BB 
(type, quantity and general ^dimensions) > ^51^ 

k) The thermfid efficiency reported as a function of temperature 

1) The aerial efficiency: a • , 

m) The orientation efficiency: . . . 

The term "aerial efficiency" refers to^'the ratio of the ^et exposed area to the totsLL area 
for regular operation and m^J.ntenance of th<f system such that 

/ 

The "orientation efficiency" is defined ^s: 



rr = A,, . /A^ ^ , ' til) 

a fJ.E.A.- total 



whfere 



n = cos , 
or • / m 



m 



tl2) 



and is the mean daily value of the angle between tfie incoming 5t»lar fl;ix and the. normal axis ^ 
to the N.E/A. This value defines the^re lat ions hijjr between the N.E.A. and tjie area of the 
projectioi/of the N^.A. ' For example, the orientation efficiency of a tracking solar collector 
would, ^e^OO perc^t. ' , ' ^ ' . » . 

The actufil test procedure' for determining the thermal efficiency of the* collector is 
^described ir^;refer^z;ice \ hl] and is very similar to the 'pi^cedvire propcfs^d by W^i^lier and 
l^icbards [31*] (see Figure ll). ~ ^ 



In connection with work on solar power units, the Israelis have also developed a qui.ck^ 
and simple way of measuring the output and/or efficiency of a collector at a given site 
of interest [^2]. Depending u^on whether the collector operates at essentially a constant 
teii^erature, for example, when boiling a fluid to drive a turbine - or for heating water 
on a once-through basis, two different schemes are used* 

♦ 

The apparatus shown ir. Figure 12 is used with boiling fluids* A fluid having a boiling 
point approximately that of the design temperature boils in .the collector, the vapqr-emerging 
is condensed and returns *by gravity to, the collector. On its way back, the liquid condensate 
is measured by aHipping-bucket flow meter of the type used in some rain gauges. A mechani- 
cal, counter i'ndicates the number of times the bucket has filled up, A drop separatpr is 
inserteld in thft vapor pipe to prevent liquid drops from being carried over to the condenser* 
The apparatus is automatic; no power supply is needed. For daily output totals, it is 
necesseiry only to read the counter in the morning and evening; if the variations of yield 
during the day are requir'^d, the time at which the counter clicks over is recorded on a time 
chart or by an observe! . If thermal efficiency is required the insolation must also be . 
measured. 

The Israelis built thisr^ apparatus for use with a typical collector operating at 100 ®C 
(using water as the tr&nsfer fluid). The bucket had a volume of 80 cm ' and the apparatus 
gave about UO counts per day with an uncertainity of approximately 2 1/25^.. ^ 

Whe^the fluid is only being heated and no boiling occurs, the apparatus in Figure 13 
is Used. Here, it is necessary to control the flow of liquid through the collector, so 
that,, on a onc^-through basis, the fluid is heated from the inlet temperature to the outlet 
temperatui'e . ' A single thermostatic con"trol is used. A scaled bellows, containing a fluid 
such as acetone (the fluid is chosen to give convenient pressure's at the maximum expected 
test temperature) is'^inserted in the upper header of the collector and controls the flow 
of heat*ed liquid from the collector (or a commercial liquid expansion thermostatic valve 
can be used instead). The fluid cannot return to the system after heating and a reserve 
tank adequate for one day's operation must be provided. The inlet temperature should be 
known to a reasonable accuracy and should preferably be constant. The reserve tank should 
therefore be large preferably insulate and shaded from the sun* ^ 

Recftitly, Tabor [k3] has described, a testing procedure aimed at defining the "governing 
equation of the collector". The "governing equation" that is the basis of th€^ , analysis is 
very similar to equation (3) - The uniqife< feature of the proposed procedure is that several 
collector^ (say four) are connected in series ar^d the^'teraperature rise of the transfer fluid 
is.meas\;^ed across each. Since, at any instant of tame, the "flow rates and the solar inten- 
sity are identical for all the collectors, a nvimber of points on the efficiency -temperature 
plot a/e obtained' from i/hich the characteristic et^uation of the collectors is established. 
Tabor/cilso outlines a procedure for limiting the temperature rise across an individual ^col- 
lector "as well as specifying the way to correct the curves to "standard day" conditions. 

Australian Procedures • ' ' 

Testing for rating of solar collectors with application for domesticV^ater heating and 
^•residential space heating is a major area of study* in Australia. The methSd used currently 
by the CSIRO (Commonwealth Scientific arid Industrial Research Organization} Division of 
Mechanical Engineering is to determine an equation of the instantaneous efficiency as a 
function of the radiation level and temperature difference between the mean fluid temperature 
and the equivalent temperature of the surroundings [hh , h^] . ^ 



/ 

The analytical Ija^is used by the Australians in defining' the instantaneous collection 
efficiency is an equation very similar to equation (7):- ' ' ' 

"l ^'K - ^e' . '- ' " (lU) 




-Where — 



n = local efficiency at the collector inlet when tfie inlet temperature t^ ^ is equal 
^ to the.^\>iyalent temperature _t^ (essentially equal to F*{Ta)^), ' 

t = ^f,i ^ ^f ,e = mean fluid temperature^ in the collector, ' , 

t^ = equivalent temperature of the surroundings (essentially equal to t^ - 3), C ' 

Since the loss coefficient U -(= F' U. ) is approximately linearly relatefd 'to the temperature 
difference ' \ X ' - 

U = a'+ b <t - t ) ^ , ^ ' ' (15)' 

o w e • \ ^' 

the efficiency of the collector can be expressed as a second order function of the .tempera- 
ture, difference: ^ % 

2 ^ 

o ' t - t . t' - t 

w • e w e Llo ) , 

n = n - a . = — V -^^I z ^ . 

0-1- -I- 

-Currently, wind effects aire not tg,Ken into account because too little is, known of the 
nature and modeljling of win4- 

The efficiency is determined over a IC^ minute period by flo<^p;g constant temperature 
fluid X^o the collector under ^iest and measuring the* solar* radiation intensity, mass flow 
rate of lihe fluid,' inlet and" outlet temperatures, sky temperature and wind speed and direc- \^ 
tion over the test period. 'Bfee liest rig is shown* schematicaUy in Figure ih. The collector 
to be tested is mouhted on an orien^able stand which considerably extends the, period available 
during, which * steady* radiat^iorv conditions can -be achieved. In addition, an^e of incidence* 
.effects are elimifialed as the collector is faced directly at the sun for a giver; test.' I 

The constant temperature water supply can be quickly "preset to a desired level and *con- 
,stant flow is assured by using, a constant head system, A senies of datA points are generated 
by Varying t (and,hence t - t ) at a constant value of I . It is apparent from equation'(l6) 
thaVtests conductedl at different values of solar radiation will not give the same .value of 
efficiency for ^ cohstant value of (t - t )/I, though this is not of coiiseq«ence at lower 
values of (t - t we ^ ^ / , - 

we, 

Hav.ing measured a series of values of n ^constant I, a second order ^t in (t^ - t^) 
can be made and the values of n , a and b foundV The'-^rrg suits ol' a typical test are shown 
in Figure 15. . ' ' ' ^ . ' 

It is apparent that with many collectors, high values of (t^ "u'i^)/^ at high radiation 
levels expected with an orijentable'collector will' lead to boiling of the water. One method « 
of overcoming thif- problem. is to place an attenuating mesh completely over*the collector- 
which reduces the radiation level by about a factor of 2.^^It^is then possible to generate 
another curve at*a lower value of I and take into account the full range of efficiencies ^ 
experiences in operation from'n to zero, * ♦ , * 



fifecause of the difficulty of gener*^tfng da^a points Vii.n all variables constant ^except 
mean fluid temperature, arTother test facility has teA usrfed' >^cft comMpes a number of 
identical collectors in ^series similar to wh^t has been descaijjed jb^ Tabor [U3].- It is 
possible to generate a greater*%xmiber of data ^ints in a glv^il time than with^he single 
^ig,- but th e^ times availalBle for testing are^l&ited^bjrta oX.^he 5f iked oriental 



the collector. The method^ iogethe^ with some^^ij^ii^l "results^ ip*'giwn in reference [U?! . 
.Testing of Plastic-Bag WateV Heaters *' % * * '9 

Solar water h^atyef's" using plasiic as the conta^ner^^ateriai ^h^jre^een used" i^^Japan ' * 
[^7% ^8] and ^ have beren studied in the United States with th'$ reducing collector 

costs. Harris et. al. (Up, 50] have applied conventional f^t-^^1i.e collector theory to 
obtain semi-empirical correlations for the per/ormance of |)la^i^tet*er heaters. The .unique 
feature of their approach [50] to evaluating the collectbrs ts^theiiFthe tJjermal losses (by 
convection aud conduction) axe determ4.ned separately frtf>m optical losses (due to absorp- 
tion .and reflection in the cover plates) ,„both being deteiaEi^ne3\^xp«/imentally. Basically 
the same test procedure is used in both cases*, however, on^^ri^ o^^tests is run with the^ 
water essentially at ambient temperature so that the losses all; be attriiJuted to absorp.^ 
tion and reflection in the covers. Tliese losses are then 'subtracCeJ from the total losses 
determined » at higher, operating temperatures thus resulting in a dete^ihation of the thermal 
•losses. A large number of tes,ts are ^un and statistical methods" ar*e used to correlate the 
perfo}:*mance of the collector with„^ll trhe important operating varia^bSTe^. 

^ Modified Instantaneous Rrocedures- ' . 1^ . * / , 

Bartera and Davis (5l] have reported the -testing o^ a doubletglazed flat-pla^e collector 
in which the resitlts were analyz^ed in terms of what are calJi^ed 'ef fect^^ive^^absorp-cancfi and 
effective heat loss coefficients. - The effective heat, loss coe^ficie^ is shown in Figure l6 
and was obtained by pumping hot^ter through the collector at niglvt and measuring the tem- 
perature drop and flow rate thr^gh the collector. A corivei^ional 'iQst?intaneous^ efficiency 
type test was then run during day and thfe results plotted as ;s{iown in Figure IT. Lines * 
were drawn to Join the points, e^ally 'distant from.noon (equal angl:^ of incidence) and all 
^ ,the^lines^ were drawn with a slop^e equal to the effective iftat-io'ss* coefficient pr^vicSusly 
'Setemrined . The intercept of these lines with the efficiency aXis*giv^s the eff ective.absorp-, , 
tancp for those tim&s. Since one can calcxilate the corresponpling angle of incidence, the 
tcurye shcw^in Figure 19 was drawn. All of this analysis is consistent with the assumed 
governing equation for the solar collector, one similar to equation (T) whli*| F'-(TOt)^ corre- 
sponds to the'^effective absorptance and F* U^^, the^ effective HeJ§ loss coefficient. The 
results in Figiures 17 ajid^ 19 can be considered to define the^ operating^ characteristics of "the 
collector and should allow one to predict its*performance' under^ specified 'cohciition^y^ 

Another &6dification to the use of the instantar^eous test procedure it to assume that ^. 
an equation such as equation (8) adequately describes the performance of tShe collector once 
the parameters (xa) , F , and U have been determined.. The testt resiill^s are then simply presented 
in terms of the deviation from thi3 assumed, performance. This^was the, jjpi^roach used by 
Moore, et.al.' [52] in a report of the performance of three diff^re^t flat-plate collector » 
panels where over 300 data points w^e, taken. The average prediction error ,and standard 
-deviation in prediction error for the 300 points was as. follows: . \ \ ^ - - 5. 

4vei*age ^ ' ^ ^ , * Standard Deviation 
Tanel * — Glazing s ' Prediction ^ror > ^ of .Fredicfrion Error 

, Btu/(h • -ft^) ' Btu/(h ft" ), 



Data points* taken during obvious transient periods were not used in the anedysis." In addition, 
"the selection of data from tests performed on cloudless days. near solar noon exhibited ' 
appreciable less s&atter^~as shown in Fig\ire 19. "The diagonal* line 'represents exact corres- 
pondence between predicted and measured performance and the horizontal 4i?»tteince of the points 
■■Aom„the_line_„is_thj5_absol^^ In the output . A similar jplo^is _shown\n Figure 20 for 

a 236 (25^0 ) collector array uffed on one of .the recent NSF-&ponsored ^hool» heating' 
projects i^53]. * . ( ^ ^ 

^ • . "t ' " 

Collector Testing at the University of Pennsylvania . ^ ^ 

A consid^i^able amount of work was done in the period 1971-197^* at the University of 
Pennsylvsmia* s Nat ionsLl, Center for Ei^ergy Management and Power related to the use of solar 
collectors for .supplementary heating in buildings [5^]. In addition to developing a sophis- 
ticateel anedyticed model for predicting the performance of solar cpllectors [55] > three ) 
different test facilities were designed; constructed, and successfully operated for the 
testing of water-lieating flat-plate collectors [56]. All were operated in the conventional 
way for determining instantaneous efficiency (measurement of m. At, and I). , ^ 

, One facility [57] consisted of twin 0.3 x o:3'm (l x 1 ft) collector mounts which per- 
mitted the simultaneous testing of a reference collector ^nd a developmented collector con-, 
figuration. Thus both absolute and relative perfooiance values for various collector designs 
were obtained. The standard .collector had a double-glazed cpver plate with 9.5 mm (3/8 in.) 
air gap spa«4ngs and the absorber was painted with i'lat-black paint. The' second facility [56] 
was a 1.2 x 2\k m (^i x 8 ft) vertical rack enabling the testing of a full scale yertical collector 
, facing south. A^^lgth the first facility, it "was mounted on the roof of a l+-st<3ry campus- 
building. a?lfe .tSri'^acility [56] built was for testing 1.2 x r.2 m (U. x 1* ft) modular rfol- 
;lectOrs with &ny orientation and tilt an4 was a completelj/^ portable facility. 



Ail tliree experimented facilities consisted essentially of the collector, a heat transfer 
,er flow loop and the measuring instruments. In the 0.3 x^0.3'm #(l x .1 ft) and 1.2 x 2*h m 
X 8 ft) test facilities, the water tem|ysrature was?- maintained constant at the inlet to 
'the absorber plate by means of a systean combining an autpmatic temperature controller and 
electric heaters, arid could ""arbitrarily be varied (no temperature control existed in tjje'1.2 
X 1.2 m (1* X i+ ft^) .test facility). The flow was regelated by means of needle vaive^^^The , 
insolation was always measu3*ed by ^ global pyranometer w^iich was located next to the collector 
^d in the -same plane. 

The 1.2 X 2,1* m (I4 X 8 ft) test facility is illustrated in Figure, 21. A O.16 (1*2 gallon) 
dom^.t>ic hot water heater was used as a prekeater for the inlet water. Finer control, to 
viphin + 0.75 °C, was -accomplished by subsequently passing the water through a 12 m length 
of copfier tubing immersed in an oil bath. The temperature of the bath was maintained by a ^ 
temperature-controll^ 1 kW heater. The wat-er then passed througb a 3.2 x lo" ^ m^/s (l/2 gpn)) 
capacity pump,„the collector, a liquid-to-air heat exchanger, and back to ^the water heater. 
The heat exchanger was there to extract heat from the water in order to make closed-loop 
operation possible. It was forced-air-cooled by a louver-thrpttled fan. 

The 1.2 X 1.2 m (li x li ft) test facility is shown sc.hematically in Figure 22. The flow- 
loop was closed and designed iimilarly to that of the second facility described above. It , 
contained, however, no preheat^s. The liquid was circulated by a centrifugal pump. Heat / 
was rejected from the loop by a^n-coil unit with its fan* speed regulated by a variable 
autotransformer.* An expansion tant fitted with a glass "S" vent was included in the loop to 
allow for thertoetl expansion of the! liquid. 

Nineteen different collectorar were tested in the 0.3 x 0.3 m (lj5c 1 ft) te^st apparatus 

and biie each tested and reported foT^the^her two facilities [56, 58, '59]. In addition, 

3eparate<te8ts were conducted indctors to determine the heat loss coefficient by circulating v 

hot^ water through the collector and measuring the energy loss . . . ^ 



It should be noted -^hat the heat loss coefficient for the top of the collector* as measured 
inside was as much as a factor of 3 smaller ijhah that indicated from the outdoor tests for 
seve^ri^ of the collectors. The^heat loss coefficient under outside condition^ i^as determined 
from the' slope of tli^ efficiency^versus At/Jf plot. 



-'.A collector in which the absorber was coated with flat-black. paint and the cover was 
two panes o5 glass was tes£ed on all three facilities-. The results for the 0.3 x 0.3 m 
fi X 1 ft,) collector were adjusted so that the 'edge loss was cpmparaUle to that of the lar- 
ger collectors. The results for al*l three, collectors are shown in Figure 23.' Scaling up 
the-performancre of a small ^collector module and compensating for edge#»los3fes appedr^ feasible * 
rrom this data. ^ ' ' ' « 

• The I^Uversity of Fennsyivtinia has $ilso Just recently published what* is called aq "Interim 
Standard for ^olar Collectors" [60]. It il written in the format of an industry st(andard and 
in many ways is similar to standard test procedure described herein and included in Appendix 
A. However, in addition to specifying the testing and rating procedure, other factors such 
as safety, d^urability, and the use of ma^eriale- are addressed. 

The technique used to test and rate the collector oh thermal p'erformance is the instan- 
taneous procedure wh^re one measures m. At, and I. The major difference between the procedure 
being, recommended by the. University of Pennsylvania and the one' included in Appendix A is 
that the former requires day long testing and the reporting of a daily efficiency whereas 
the NBS procedure requires only 15 minute integrated 'efficiency^ points as will be explained. 

Day-^ng Toting ^ ' 

' . The value of determining average daily efficiency' of a collecto^has been recognized" by 
a numt)er of invest'igator& and proposed as the meaningful way to report performance. Either 
of the two basic t6&^ techniques ^ould be used. However, the instantaneous procedure requires 
the , integration ^f the appropriate energy quantities for the day whereas the calorimetric 
technique is more directly ap^icable provided the Qalorimeter has the capa^iity of absorbing 
the energy collected throughout- the day. 

San Martin [6l] calculated instantaneous efficiency from measurements of -m. At, 8tnd I' • 
taken at 12 minut^e intervals (instantaneous values, not integrated) for three different col*- 
lectors over a six-month period. Typical results are shown for one-day in Figure 2k. The 
inlet fluid temperature /to the collectors was not cgntrolled 'and varied between 6o and TO °C 
(lUo and l60 °F) during' the day. The results wer^ also used to compute a daily average effi- 
ciency as shown^in Figiire 2^*. " ^ ^ o 

Similar result^ are shown for a commercially available double-glazed collector with a 
flat-black absortMr in Figure 25 [66], Data was taken ^everV, 30 minutes (instantaneous, not 
integrated) to mak^ the plot. The data from a day-long test ^such as this can also be used ♦ 
to plp^ the conventional efficiency versus At/I (or Just At) V:urve as shown in Figure 26. 

ArthuV D. Little Solar Calorimeter \ 

The calorimetric technique haS" been adopted for use by the Arthur D- Little Company as 
explained in reference [67]- \ ^ ♦ / ' 

The collector delivers heat to a carefully .controlled watet chamber in which the rate 
of heat addition^is measur.ed. Heat can be automatically extracted so as to maintain the 
collection water flow tonper^ature to a nearly fixed value if desired. Sufficient liquid 
yolume is ^Ised to insure quasi-steady state co^ector performance. ' 



,The calorimeter is shown in Figure 27 and a schematic of it^ operation in Figure 28 [68]. 
For measurements of the collector efficiency, a two channel recorder mounted in the, calori- 
meter housing is used t^ display -the rate of heat addition and ti;ie incident solar radiation. 

^The measurement of instantaneous rate of energy delivery is accomplished by a re>l time 
differentiator giving the time rate of*change of temperature in. the liquid 'storage tank. 

"Automatic control of the heat* shield, heat transfer fluid pump, .and heat exhaust ,is also ^ 
indicated in Figui^e 28. v^^t 
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— For ^long term t»esting, the fully autbinatic^ oper^ion of the calorimeter can be utilized'. 
By using the automatip removal of heat' from the calorimeter chamber to n^aintain -the collector 
•fluid temperature .at a preset value ^ a very* accurate accounting of the long term integrated 
heat delivery of a collector can^be made. ^ ^ 

Collector 'Besting at the NASA Levis Research Cent er ' * 

Perhaps the 'most comprehensive test^ program to date for evaluating solar collectors has 
been undertaken at the NASA Lewis Resea*h Center, in j::^veland , Ohio [29, 69-77]. The major 
portion of the work has been done on* an indoor test* facility using a solar simulator [69]; 
however, just recently an. outdoor facility has been' made operational [J3]. The experimental 
technique being used is the conventional instantaneous, approach in whiTih m. At, and I are 
independently pleasured. . , • • * * ^ 

\ ' ' \ * • ' ' * • ' ' ' ' * ^ ' 

^ A schematic of the indoor facility is shown tn Figure 29 and description summarized in •* 

Tablets. The simulator is composed of lamps, lenses, and cooling equipment. The lamps are 'I 
commercially availab^Le units insisting of an integral tungsten-l»ilogen lam^ artd reflector 
ass^embly. The Veflector a dichroic coating that' absorbs infrared radiation, thereby" 
reducing the infrared ^content of the reflected rjjdiation, 'During operation, the lamp voltage ' 
is adjusted wjth two auto trans former s , each transf'ofmer supplying power \o half the lamps. 
The lenses are commercially available fr^sn^l type. . • ^ « 

A useful method of determining how vfell a, golar simulator's spectral distribution matches 
the sun is to compare how various materials respond when irradiated by the simulator and by 
the sun. Tabfe'i* provide^ a comparison of properties , including absorptivity of a selective 
coating, the transmittance of ordinary. wtndow glass, the reflectpince of a silicon solar cell, 
under radiant flux with the spectral distribution of %ir mass 2* and of the solar simulator, 
The spectral irradiance frqp the simulator , has been shQwn to te essentially constant, over *t he > 



\ 



range of lamp voltage^ used during testing (90 to JL20 V) [69]. ^ • , / ^ 

' ' ' * ^ ^ f«» 

xhe flow loop for the indoor .test facility is shown in Figure 30 and consists of storage' 
and expansion tanks, pump, heater, te^t collector, and the required piping, ^he hot fluid 
storage ^ank is a commercially available warter hedter for home use. Th^.tank has -ttro^elec-' 
trical immersion heaters, 500 W eaoh, and has* a capacity, of 0.3 m^ (80 gallons). The'pump 
is ajgear type unit driven by a -I87 W (l/\ hp) electric motor through a variable speed drive. 
A hfeat exchanger Using city 'water as a coolant^ is used to control the temperature of the . 
collector coolant fluid at the collectoiy inlet. A 50/50 by weight mixture of* ethylene-glycol 
anfl water is used in the liquid loop.' The specific gravity, of the mixture is checked with a 
precisit>n grade hydrometer. 'Bp suppress vapor formation, the entire flow loop is pressurized 
to approximately 1.03 x 10^ N/m^ (15 p'sig) b^ applying'a regulated inert gas pressure to the 
top of tHe expan^siow tank. ' . . • • -J ' ' 

r The collector to be tested is mounted on a support stand that allows rotation Wbout either 
the hor-irzontal axis or the vertical axis. This permits variation of the incident angle of 
the radiant energy^" to simulate both sea*sonal and daily variations, i^r desired. 

The test ^ocedure tjiat has been used involves mounting the collectors on phe .test^ptand 
and positioning them so that, the radiant flux is either r^ormal to or at different angles to 
the collector. Variation of the incident angl'e is eiccomplished by rotating the test sta'nd 
about the vertical ctxis. of the reported tests have been run at an incident 6cngl^ of 

zero degrees and a tilt angle^of approximately 60 decrees. Although the flow* rate is adjus- 
table as indicat.ed in Table 3^, most tests have' been run at a value per unit area of 0.01^* 
4cg/(s ;V) (ro"lb/(h • ftM). ' • ^ . J ^ ^ , - ■ , , 

Before the simulator. is turned onV the collector is given time to achieve thermal equili- ^ 
brium at the inlet temperature chosen->^(^^.h or more). After thermal equilibrium is Established 
for a given inlet temperature, the* simulator is turned on and the desired radiant flux is ob- 
tained by adjusting the lamp voltage, i^fter steady-state conditi9ns occur, usually in 10 .to 
15 minutes, data are recorded. The radiant flux is' then readjusted to a second value at the 
spme-_Col lector inlet* temperature, steady-state conditions obtained, and data again- recorded. 
The collector inlet temperature is then set to another value,' and the procedure repeated. 
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Table 3 NASA Lewis Solar- Simulator Summary [29] 



Radiation source, * , ^ \ ' 

• 143 Lamps ^ 300 W each \ , * ' 

GE-type ELH, tungsten-*halogen Dichrodc Coating 
12° Total divergence angle 

Test area, " 

■ © . . . S . 

1.^ X 1.2 m (4 X. 4 ft) ■ 

Test condition limits,- / 

Flux; 470 to 1100 "W/m^ (150 to" 350 Btu /(h • ft^)) 

-5 3' 
Flow: up to 6 X 10 m /s> (1 gpm) 

Inlet temp; 24 to 99°C (75^to 210°F)' ■. ' ^ 

■ *_>Wind; 0 to 4.'5L-m/s at'24'^C -(0 to 10 mph at 75°F) ' 



Tabl^ h Comparison of the NASA- Lewis Sorar Simulator 
and Air Mass' Characteristics [29] 



Frequency Range of Irradiation 



Air-Mass 2 Sunlight 



Simulator 



Energy Output, % 



» Ultraviolet 
Visible 
Infrared 



2.7 
kk.'k 

52; 9 



0.3 
U8.3 
51.3 



Test Item 



Thermophysical Performance 



Selective Surface Absorptivity 

Glass Transmission 

Al Mirror Reflectivity 

Solar Cell Efficiency, % ■ 



0.90 
0.85 
" 0.86 
X2.6 



0,90 
• 0.86 

0.88, 
.13.^ 



Typical data -reported for this facility were previously given in Figures 7, 8, and 9 
[29], The procedure of reporting the data m other publicat^dons [70, Tl] has been to show 
the three different plots which require the detenaination of average absorl^er plate teap^ra- 
ture, inlet fluid teaperature, and exit fluid tenperature in addition to aeasurenents of a, 
At, and I. However » as noted previously, this does: enable one to calculate the value of 
?* , IL, and (la)^, thus defining the pertinent perforsance factors for the collector. 
In one oi^the recent publications [29], the si.mary, perfomance dkta for fifteen different 
collectors described in Table 5 was presented as shovn in Figiire 31*. * 

,It shoxild be noted that a similar indoor test facility has been built at the Honeywell * 
Corporation ar^ results have been pr'esented jT8-50j . . . • . 

A sinplified schematic of the outdoor test facility i»ecently constructed at the Levis. 
Center is shovn ^n Figure 32 [73]. As in the case of the indoor facility, the liquid in 
the flow loop is a nixz\£se of 5C percent ethylene-glycol and 5C percent vater by weight. ^ 
A conventional hone -hct-vater heater (C,3 capacity; is ^sed for storage. The electric 
heating elenents in tne storage tani are controlled by a therrzostat. The storage tarJc neaters 
provide a f'eady seans to raise the tenperature of the entire liquid vner. iesired. A centri- 
fugal puap, driven by a ICT W (l/- r.p ; electric !sotor, circvilates the liquid. A filter pro- 
viaes continuous filtration of tne liqjii. A ccrr.*ehtional air-liq'-id neat exchar-ger, v i z r. 
an on-cf f» ^an control, is"^sed to reject energ;/ when desired. A cy-pass aro-^nd zr.e heat 
exchanger &rd the associated proportional control valves pemit scdulaticn of *r.e Iiq-12 
tenperature at the outlet of the heat exchar^er. — 

The flow through eacn collector is zianually adjusted v>.tn a renotely operated valve. * 
The flow rate through the ccllectcr b»pass line is controlled to maintain a' constant pressure 
in the collector inlet iiar.iyfold. Thus, when the.flov rate through one collector is varied, 
the flow throjgn tne regaining collectors reriains cc^s^ant vith no adjustment 'of the flov- 
control valves. The flow rate through each collector is de^temined vi^h a calibrated t^rbine- 

-<ype flovneter. Auxiliary heaters* vitn electric imersicn elements are located at the inlet 
of each collector. These heaters provide a controlled variaticr. of inlet tesperat^re fron 
collector to collector. The liquid diocnarge fr^r: the ccl lectors is returned to the storage 

'tank- An ejgpansicn tar^n accc=icdates vcluze cnanges of the liquid. The^ facility includes 
two identical loops lor-ly o.ie indicates m Figure 32} v.or. the capability of testing ten-^ 
, collectors simultaneously. , 5-- 

^ ^-^^ 
Preliainary results from tnis facility are given in Figure 33 for a collecttjr fabricated 

at the Levis Research Center free two copper n4at-transfer .^nels . The panels were sprayed % 

. vith a -nonselective blacX p^int vso-ar absorptar.ee = T5^>-glass covers vere placed 

over the panels and 10 cd in.} of glass fiber insula^icrf^ceneath. The par.e-.s , plunbed in 

parallel, each measured 0.56 x 1.1 s {22 x -5 in.i. The outside disenaficns of the" collector 

fraae vere 1.2 x 1.2 n {18 x ^^9 in.). ^ 



Testing of Air Collectors 



^he potential corrosion an-d freezing problems as*-=^-a\ed viLh , liquid-heating collectors 
have resulted* in'interest in collect^s which can heat a gas, usually air.' Althcxigh there 
have been scae excellent analytical treatnents of air-heating collectors i8l-36|, there 
have been very few experimental st^^iies repor^ea on tne d^ter:iiaation of air -neater efficiency. . 

Gupta and 3arg [^] 'investigated the pierforzance of four air-heat^ers utilizing^ apparatus 
siai^Lar to the one described by WnillTier eir.d Ricnards {31i. Efficiencies vere calculated fro= 
.^atdoor tests where instantaneous neasuresents were sade of a, ut, and I. Typical restilts , 
are shown*" in Figure 3^ ^d 35 for two of the four collectors. The seasured efficiency values 
agreiied veil vith etnalytical predictions sade previously by Close [81]. The scatter in the 
data evident in Figures 5^ and 35% apart froa experimental error, vas attributed to .variations 
in heat loss coefficient, the factors F^-and F^ whicn in turn resulted free variations in 
aabient vind speed and sl-cy tenperatore. ** ^ ' ^--^^^^ 
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i Table 5 Flat-Plate Waterr-Heat'ing' Solar Collectoi- Types Tested- 
Efficiency Curves Given in Figure 31 [29] 



Collector Description 



Absorber Panel 
Material 



* 1. Double Glass Cover, Black Painted Absorbing Surf^ace 

2. Single Glass Cover, CuO Selective Surface on the 
Absorbed 



Copper 
CoDDer 



-3- Single Glags Cover; Aluminum Honeycomb, CuO Selective 
^'^yjff^e or^the Absorber • 

h. Double Glass Cover, CuO Selective Surface on the 7 
Absorber 



CoDoer 



CoDoer 



5- . Single Glass Cover, Black h'ickel Selective Surface on 
the Absorber 

I . ^ 

6. L- Double Glass Cover, Black Nickel Selective Surface on 
the Absoi*ber 



Aluminum 



Aluminum' 



7«v Double Glass Cover, Black Nickel Selective ^Sxirface on 
, tht Absorber 

8. . Single Tedlar Cover, "Black Nickel Selective Surfac'e 
on the Absorb'er 



Aluminum 



Aluminum 



9. Double Tedlar Cover, ^Blaok Nickel Selective Surface^ 
on the Absorbej;* 

10. Single Glass 'Cover*, Black Painted Absorbing Surface 



11.; Single Glass -C 
, Surface 



ver. Honeycomb, Black Painted- Absorbing 



12. liouble Glass- Cover, Honeycomb, Black Painted Absorbi.ng 
Sxirface ^ 

13. Double Glass C|Dver, Black* Painted Absorbing Surf-ace * 

Ih, Double Glass Cover, Black Painted Absorbing Surface 

/ • • 

15. ' Double Glass Cover, Black Painted Absorbing Surface 



Aluminum 

A.lupinLim 
Aluminum 

Aluminum 

Aluminum 
Aluminum 
Steel 



» 



The perforaance of an overiapped-glass plate air-heater vas reported by Selcuk [88] using 
the experimental apparatus shovn in Figure 36» In" addition to ;the instrumentation shown, 
thenaocouples were required m.xhe air outle'C stream because ^of transverse variations* A 
comparison of measured and calculated efficiencies as veil as air outlet temperatures are shovn 
in~?igure 37 as a function of air velocity* Analysis at lov velocities and* accompanying higher 
absorber temperatures shoved that significant natural convection currents occurred vhich 
resulted in larger discrepancies betveen measurad and predicted temperatures and efficiencies 
at these conditions* . • 

Satcunanathan and Deonarine conducted experimental tests on an air heater vhich employed 
tvo passes of air through tne collector {89]. The air passed betveen tfte glass psmes of the 
tvo cover collector^Jbefore passing over or through the metal absorber. Consequently, part , 
of the energy nomally lost through the tvc cover plates vas recovered. ' Air flov rate vas 
measured vi^h a flov nozzle, temperatures- vith thermocouples, and" insolation vith a conven-^ 
tional pyrancneter. Calculate^i ef f ic«if ncies are shovn xn Figure 38 indicating a clear im- 
oroveaent through the use of the tvo-pass mode of operation* 

L8f, Shav, ana C<?ax Ci&vf recently reported efficiency data for a double-glazed ai3*col- 
lector vith 1- separate air passages having & cross-section of 1.^3 x 59-6 cm and a length 
cf 3.65 m each *9C]. .The collector area normal to the sun vas 31.2" ^ and the air flov rate 
vas 0.-31 m^ vsm • 3? y * The results of the test are shovn in Figure 39 and compared, vith 
theoretical predictions for the sa^ae air flov rate and also for an air flov rate 15% larger. 

2*^- - Rec cmmer^ed ?est Procedure ' ' > * 

^ — — ^— — ^ 

Based on a reviev of ^he state-of-the-art in testing solar collectors as outlined in the 
previous section, the test procedure m Appendix A is being recommended. The series of tes^s 
that cocprise tne testing procedure is conducted. outside under real sun conditions^ and the 
results of the tests are displayed in graphical and tabular form*^-«"' 

The test procedure .las been vritten in a format conslstTent vith other stJandards of the 
American Society of Heating, Refrigerating ^nd Air Conditioning Engineers. The outline of 
the Ax>cendix is as follovs: ^ w ^ ^ 



1 Purpose 

2 Scope * 

3 Definitions * 
i. Classifications 

5 Requirenents* . • " . 

6 Instrimentation 

1 V " Apparatus and Method of Testing . 

5 Test Procedure and Calculations 

9 Data to bfe Recorded and Test Report ^ 

1 0 Jicne nc 1 atur el. * , 

11 - • "References * , 
» ^ ) 

vith the major portion of the document being in Sections 5 through 9* 

The test -proc^ure is limited to collectors that can be isolated so that they have effec- 
tively one Inlet and one outlets The. energy- of the fluid entering and leaving the collector 
can be aeterm.ned by casing appropriate measurements. These quantities are then compared to 
the energy incident upon the collector {Slso determined by measurement)^ in order to calculate 
thtr' collector efficiency. The fluid carv be. either a I'iquid or a gas but rtot a combination 
' of the tvo. ' . 



^he testing procedure itself is equally aoT5licable for testing indoors using a splar simu- 
lator.; hovever, the present version of t.^, ^ocument does not list the^ requirements for such 
a facility. ^ * * ^ \ , 
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As part of Appendix A, separate apparatuses are specified for when a liquid (Figure' Al) 
or a gas' (Figure A2) is to be the trarisfer fluid. The detailed requirements of the apparatus 
are givery along with specifications f^ instrumentation to be us^d in measuring incident solar 
radiation, temperatxire, temperature difference, liquid flow rate, air flow^rate, pressure, 
pressure drop, time, and weight. Far the specification of ins1:rumentation, emphasis was placed 
*on utilizing existing stTand^irds emd pther manuals of acceptable practice as given in refer- 
ences [5-16] of Appendix A. • 

The series of tests consist of determining the average efficiency Tor 1^ minute periods 
(integrating the energy quemtities) over a range of temperature differences between the/av*erage 
fluid temperature and the ambient air. The efficiency is then calculated by: f . 



/ I dT 
0 



(17) 



The flow rate is required to be steady and vary by less than + 1,0? for the duration of each 
test. In addition, the transfer fluid shall have a known specific heat 'Whicji vajjies by less 
than 0.5? over the temperature range of the fluid during a particular 15 minute test period. 
ConseqiSently, the efficiency can be determined by: • \ 



T 

/ (t, . - t} hdx 
^f 0 

T 

/ I dt 
o 



(18). 



The test apparatuses Specified in Appendix A have been designed so that the temperatxire 
o5 the fluid entering the collector can, be bontrolled to selected values. Thl^ featxire is 
Used to obtain the daia over the temperature range desired. At least sixteen "data points" 
are required for a complete .test series and they must be taken syietrically with respect 4 
to solar" noon (to prevent biased results due to possible traijsient , effects ) . 

During each test period, the incident solar radiation must be "quasi -steady*' as indicated 
in. Figure A13 (in contrast to days in whieh cloud cover can Cause a time distribution such 
as sliown in Figure Alh) . Other 'requirement^ that must be satisfied for eath "data point" 
are that the 15 minute average insolation be greater- than 630 W/nf ' (200, Btu/(h * f t ) ) and 
the incident angle between the sun and the outl^ard drawn normal from the 6qllect<?r be less* 
than 1*5®. In ad<«tion, the range of ambient temperattures for the entire test series must te 
less than 30 ®C (}U ®F). ^ * 

The measurements made and the calculated efficiency for each "data point" are reported 
in tabular form*aV well as in graphic ai%orm as ahown in Figures 8, 35, and 39. The ordinate 
is the efficiency and the abscissa is the measured temperature'niif feren^e divided^ by the in- 
solation. It is recommeria,gd that .the units be standard SI or that the abscissa be made dimen- 
sionless by dividing the temperature difference by either 100 ®C or 212 ®F and the insolation 
by the solar constant. It is expected that a "straight-line" representation will* suffice 
foremost conventional flat-plate collectors' suclj as the one in Figure 1. Representation of, 
the performance of a concentrating collector or high-performance flat-plate collector on such 
a plot will probably require the use of a "higher order fit" due io the larger variation in 

U. and the product (la) . " ' . ' • 

ti / e • 

In dlsvelopin^ the test procedure and writing th^ specific requirements,* there were t^o 
main areas of qoncern. These were insuring tliat the measurements made*' would be sufficiently 
accurate and t^hat the specification of test conditions would be such'*that the plot of collec-^" 
tor efficiency would indeed be meaningful and allow comparison of different collectors. 



'Accuracy of Meas\u:ements * ' / 
* ^ ' 

The' uncertainty associated with th6 reported efficiency can be expressed as a function 
i>f the uncertainty associated with the measurement of the independent parameters as follows 191 J 



a 
n 



't,f 



^At 



At^ 



(19) 



Consequently, the accuracy to which the efficiency can be determined- is limit-ed by the' accuracy 
to which the independent variables m, c. At, and I can be measured or determined. . 

7 \ . ' 

In Keyiewing'the state-of-the-art in making the measurements, it became obvious that the 
critical ineasuirement was that of insola'tion - ^ As stated in Appendix C, an accuracy of no better 
than + 5^ is the s^ate-of-the-art . This is gonfirmed by Latimer [92] in a recent treatise, 
on making solar ireuiiation measurement sousing commercially available pyranometers. 

Latimer [92] lists a. number of -requirements for pyranometers that he' feels are necessary 
in ordeT-to make sufficiently accurate measurements. These include: 

"(l) ch&^^e of response dti^ to variation iil< ambient temperature- 
(2) variation in spectral response. 1 , , 

'(3). nonlinearity of response. ^ ' • 

time re'sponse. " | t t\ 

(5) variation 6f response with attitude (tilt up oV down from the horizontal). 

(6) variation of response with an^le of ilncidence. 

Specific requirements listed under each of the jCategor ies above have been adopted and are ^ 
.given in Section 6.1 of Appendix A. - - _ 



meters 



Reference [92] describes th^ characteristics of Jive of the more popularly used pyrano- 



' (l) Kipp and Zonen pyranometer ^ * j 

(2) Eppley black and white pyranometer i 

(3) Eppley (l80® pyrheliom^ter ) pyranometer 

(UT Eppley precision spectral radiometeftj (model ^ 

(now known as model PSP) - [ \ / ' 

(5) Eppley precision spectral radiometeij (model 15) 
> (no 'longer available) / j 



' Manufacturers' specif iVat ions as well as testjresults from the Eppley Laboratory Ar)d the 

National Atmospheric Radiation Centre (iJARC) In Toronto are given. Figure sh^ws the Eppley 
(180° pyrheliometer) pyr^ometer in use at NBfe and Figure Ul shows a pyranomet^ m use at 
CSIRO that is similar in^^ const^i^uction and appearanc* to both the Kipp and Zoned and Eppley 
model PSP. * I * ' 

' • Perhaps the two most- critical" requiremerjt)^ made with regard to the pyra^oineters relate 
to the variation of. response with angle of irj/idence and with attitude. ^.Fi^re U2 shows 
results of tests made on the-five pyranometWs discussed by Latimer. The t^ests were conducted 
to determine the deviation of the pyranometeds response from a true cosine^ response as the 
incident angle is Varied. An optical bencl/, !a' stable lamp source w£^h callimated^beam and^, 
an instrument turntable gradua-Ced in degre/sjwere used in the tests. Thy& Kipp and Zonen, 
Eppley 180°, an4 Eppley model 15- pyranome/er| were tested at NARC and t^e Eppley. black and 
white and model 2 at the Eppley LaboratoyV in Newport, R.I. Accordi 

^ « 6^.1.1.6 in- Appendix A, " the deviatioiV from^a tru^cosine response _ 

fof the incident angles encountered dur/ng the test(s)^'. Since the i 

^ ' ' to + U^^^in the present test proce(i»fe. FiRu^e h7.> indicates that 
tested would meet t^iis requirement. 



fOU2 



^o specification - " 

1^11 be less than + 1% 
lident angles are limited 
of ^^he five .pyranometers 



^Identification of commercial products does not imply recommenda4./on or endorsement by the 
Natio;ial' Bureau of Standards. 



fl^!cording to specification 6.1.1.5 in Appendix A, 
(inc^ding correct io)is) shall chg mge less than +0.5 
orierntation when placed in the orientation used duri 
tiwft the calibratipn factor for th^ instrument could 
(formally lis ed for calibration) than in a 'tilted pos 
testiYig). Two choices -are available. One' could ha 
^absolute normal incidence pyrheliometer (see Append, 
during the collector testing T The other choice wo)Ud 
factor is known to be independent (within + 0.5?) y4f t 
the^collector testing. 

Latimer 1 92 J states, based on inversiorytests in the laboratory, that the Kipp and Zonen 
and Eppley model 2 showed less than + 0.5^/Change in their factors. However, the Eppley 
(l80° pyrheliometer) pyrapometer showed a 3 to U. percent decrease in response in the inverted 
position and the newer black and white model showed a 2 percent decrease. 



/'the instrnments' calibration 'fact or 
Tcent compa^ed^ with the calibrated 
the test(s)^. The concern here is 
le different in the horizontal position* 
ion (normal position for collector 
thfe instrument caj.ibrated ag&inst an 
C) in the tilted position to be used 
be\to use a pyranometer whose calibration 
ilt angle' up to the angle used during 



A more comprehensive analysis of this e'ffect has been recently reported by Norris [93]. 
He constructed the apparatus shown in Figure ii3 to test the output of selected pyranometers 
as a function of inclination angle from the horizontal The apparatus was designed so that 
the light source was maintained in .a fixed position. The light beam wasj reflected by a first 
surface mirror inclinej| at li5 degrees v so that the light was turned about 90 degrees. The 
pyranometer was at:tached to the ^end of a beam which could be rotated about the horizontal 
axis "which contained' the mirror and lamp. Thus the pyranometer ccurd be swung through 360 
de'grees without changing the position of the lamp. An indexing head was placed on the pivot 
so that reproducible positions of .inclination could be obtained. A sliding balance weight 
was 'attached to the rotating ^m. to balance the various types of pyranometers tested. 

Norris tested four diffei-ent instruments three of which had been previously tested by 
Latimer : 



f 



iX) Kipp and Zonen pyrtnom^ter 

(2) Eppley l80° pyranctaeter ^ 

(3) Eppley Tnodel 2 py^fanometer 
.(U) Trickett-Norris (p-N) pyranometer 



*The Trickett-Norris pyranometer was designed at CSIRO and is shown in Figure Ul. 

Measurements were madfe at set angles of» 0°, 20°, liO**, 60**, 90°, and l80^ from the hori-- 
zontal. No tests were made with the pyranometer s inclined at angles between 90^ and l80^,* * 
since it is very unlikely/ that they would be used at this inclination. The pyranometer s were 
maintained in each positijbn for approximately five minutes. In this time the output, as 
measured by a digital voJtmeter^ had rjsached a steady state. Several traverses were made 
with the pyranometer expised to afi ^'ir speed of approximately 5 m/s. This was foxmd to have 
no effect if the air usei was at ambient temperature (20 °C) dr at 35 °C. * , > 



Results of aJ^l testl 



are summarized in Table 6 and shown Ip Figure UU. The response* or 
output* of each pyr'anomeier has been normalized with respect to. its output in the horizontal 
position. As can bfe sefcn, the variation with attitude is significant. In fact, for t^*use 
, of the instrtmients in tihe vertical or inverted position, correction factors basedr oh these 
/'test results should -probably be applied. ' / 



Norris explains 
differs for the JiYfer 
tion and the associatt 
covering the thermopij 



great d«tail^ [93] the apparent reasons vhy the variat ion /withi attitude 
fent instrument's. The explanation is based on the differe^e in construe- 
free convection patterns that are set up inside the gla&s envelopes 
sensors. . 1 



Taking all of tlie various factors into account, Latimer ,[92] presents wj/at is felt to be 
the" estimated instrument ^rror for the various pyranometers he analyzed whe^ they have been /, 
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Table 6 ' Response of Inclined Pyranometers Normalized with Respect ^ 
to the -Response in ,the Horizontal Position [93] 



Trickett- 
Angle Norris 


Kipp and 
Zonen 
// light 


' Kipp and 
Zongn 
•1 light 


Eppley 
180° 


Precision 
Eppley 
(Model 2) 


0 


1.00 , 


• 1.00 


' 1.00> . 


1.00 


1.00 


-20 


1.00 


^.01 


, 1.00 " 


' 0,98 ^ 


1.00 


40 


1.00 


1.02 


1.01 


^ gf.97 


1.01 


60 


0.99 [ - 


1.02 ' 


1.00 


0.97 ' 


. 1.02 - 


• 80 


^ 1.04 ' 


1.^08 


' 1.06 


a. 01 ■ 


1.08 ' 


• 90 


1.05 


1:10 
> 


1.10^ 


1.04 • 


" 1.11 


180 


1.01^ 


0.98 


0.98 


0.95. 


1.01 


No. of 


Runs 8 


4- 


'4 


. . 10 


4 
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calibrated directly against a primary or working standard pyrheliometer using the sun as ar 
souree and the pyranometers *are properly installed and 'cared for. His resujts .arenas follows:- 

• Kipp and Zonen ^ li.lX [3^%] 
Eppley black and white 

Eppley 180^ y 5^0% (3.6%) ' . * 

' Eppley Model 2 2.3% ; 

Eppley Model 1^ 2.3% * " ' - * 

The figures in parentheses can be attained when the readings aipe corrected for ambient tempera- 
ture. The Kipp an&*'Zonen and Eppley f60^. pyranometers do not have a Milt-in tonpef'ature 
compensation circuit, ^ J » 

Figure h3 is a plot of the uncertainty ijn^he collector efficiency as a function of Ihe - 
.uncertainty in determining the insolatiort,^ I , usdng equaXion In making the plot, very 

optimistic assumptions have*'be^ made concerning the accuracy to which m< c , and At can 
be determined. • .Even so, if the Eppley model 2 (or comparable) pyranometeV w^re i^^d fend m 
and At could be determined to within + 0.2 ""F and + 0.5% respectively, the collector (emciency 
determined using the present techniques and instrumentation is probably accur«kte to no better, 
than + 

Effect of Test Conditions on Collector Efficiency Pj.ot i 

For a given collector design, the test variables that affect the thermal performance of » 
the -collector are: . " » ' - 

(1) mass flow rate, ra ' ' - 

(2) operating temperature, (t + t ' )/2 

(3) ambient temperature, t '"'^ . * ^ 

(h) ,wind speed, ^ • " ' ^ 

(5)"' -insolation, I ^ * 

• (6) sky temperature , , • , . 

(7) dirt on the cover plate(s) 

In. the recommended test procedure, tHe mass flow'raie is specif ie'd at a' constant value *" 
for the test, the wind speed is required to b^jTieasured and report^ed» no specification is ' 
made concerning the sky conditions in this first v.ersion, and the collector cove^(s) are 
required to b§ cleaned prior to testing. Limits* are placed on the range of insolation and 
ambient temperature, during the test(s). 

^ In order to obtain a basic understanding of how variations in test -conditions affect 
the reported performance of solar coll^ct-ors, a simplified mathematical analysis'^was made pf V 
the heat t-ransfer processes that occur in and aroimd a conventional flat-plate collector. *The 
basic equation assumed to describe the instantaneous energy balance on the collector is ^ v 
similar to equation (l) of Section 2.2: - ' * 



= ^™-"l<%-V • _ . (20) 




For the analysis here^>lt^was asi&umed that the co^ector was well ins'ulated around its p^^^. 

meter as well as over i^s^shaded side and that the collector lo^s coefficient ^could be 

adequately representea by the calculated loss .coefficient through the collector cover plate 
The following equation wSs used, 'for this calculation:**^^ 



h ' JL=1 



-k i (h + h r 



(21) 



where 



*h = outside surface heat transfer coefficient of the outermost cover plate, W/(m 

\ ' * ^ '^^ 

N = -total number of. cover plates in the* collector 
(6 ) = thickness of the ith cover plate, 'm - ^ ^ ' • 

(k' ) = thermal conductivity of the ith cover plate, W/(m'- ®C) 



^ Vh*.) = convection heat transfer coefficient for the air space inside the ith cover 
t ^ i. plate tdesignated her> as the ith cavity), Btu/(h • ft^. • ®F) 

^^Qi ) = radiation heat transfer coefficient^ across the ith cavity Btu/(h • ft^ • ®F) . 
*^ i , ' * ' 

.Since h and h axe both strongly affected by the temperatu-re level as wewLl as by the tempera 
.^^ture^ difference acruss the cavity space, U '-has not been considered a constant in the present 
anjpaysis. According to references [9^, 957, "the value of h^ may be /calculated by: 



f ((At), d^) 
d 1 



^ (t..+ t. , 
* I 1' 1-1 



- 50 



(22) 



where 



a = 0.213 for tilt angles ^ ^5° 

d = .thickness of the ith cavity, in. 



At. = (t. -t._^J,'>F . . ^ . , 

t '= surface temperature of the ith cover iplate surface facing the cavity, F 
i ^ - ' 

t. = surface temperature of the {i-l)th cover plate' surf ace or abscrbfng surface 



i-1 



facing the cavity, °F 



/n = 0.27 for tilt angles > 1*5° 



b = 0.001 for h d > 0.3 
c 

= O.OOIT for h d > 6.3 
c 



r 



The radiation heat transfer coefficient was obtained^by: 

^3 



where , 



0.00686 



m 

TS'q 



c 



T. + T. ^ 
1 1-1 



and 



e. T 

^ • 1 <l-l 
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^ =,emissivity of the surrace tfce ith cover plate racing the cavity • ^ . 

' ®°*issivity of the surface of tjie {i-l)th cover plate or absor'faing surface 

facing the cavity . , 



Assuming that the efficiency of tlie collector can be written as: 



q /A t - t, ' w 

a routine was written to solve equations (20)-(2U) simultaneously for specified values of 
t y t y I, ijanti h. ~ * 

In peffonning the calculations for typical flat-plate solar collectors, the folJ.owing 
, values^f the appj'9priate parameters were used : ^ 

T = 0.87 ' ^ 

a = o;90. • P ■ . 



^glass " 

6 = 3-175 mm 
g - 

il = 1.02 W/(m2 » ^C) 
S 

d = 0.375 in. 

'^absorbing iurface = f""" ^ ffat-black su^-faq^" 

^absorbing surface = * selective surface 

h =0 for an evacuated collector 



^ . Theqjfterior surface heat transfer coefficient was determined from information in reference 
^h' [96j, (Figure 1, page 3U8). Its dependence x)n winti.speefl is 'shown in- Figure .U6.^ 

Results of the calculations fee shown in Pigures^U7-56. Figure U7 is a plot of the 
predicted^ performance of k flat-p^at^ collector of diffeii«nt designs ranging from one with 
a singl'e cover plate and a flat-black surface to .one having a double 6,oVer plate wil^h a 
selective surface on the absorber. All calculations were for conditions of I = 790 W/m^ 
(250 Btu/h • ft^)) and t^ = 15 (59 ""F). 

-Figures U8-52 are for a collectcJr with a\single cover plate and a flat-black absorber 
and are presented to demonstrate the effect of variations in I, t , t and wind velocity , 
^ on tbe type of plop being recommended for collector efficiency.* ^iguPes U8 and h9 s^oy^ 
! "tbat fo^ this type of collector, the scatter in tbe efficiency plot shoufd not be large as 

;j : long as I and t^ do not vary more than being recommended in Section 5 of Appendix A. 

Figure 50 shows that significant scatter would result if the. data points were takeii over the^ ' 
"^ ^.^^ w;lde rarige^.of collector operating temperatures shown. Figure 51 demonstrates ifi&i a large 



^e reader should be cautioned that these 'values were determined from tests made on 0.3 m 
, (12 in,) square samples of glass at a mean temperature of 7 (20 ^F*") . 



29 



37 



amount of scatter would also result from large variations in wind velocity. Although some 
thougixt was given to speci^ing that the wind velocity across tl^ collector s.hould he con- 
trolled-in some manner, the present version of the testing procedure onlj^ requires that the 
wind velocity, he measured 'and reported. Figure 52 demonstrates the degree of scatter that 
might occur as a result of simultaneous extreme values of I, t and wind speed. 
/ ^ • a , 

***^igur^s 53-56 have been included to show the, scatter likely to occur when a high per- 
formance flat-plate collector is used in comparispn to the more'^onventional sinfele-cover 
flat-black collector. As can he seen, for the same variation' in I, more scatter is likely 
to ocq^ with the high performance ccfllectoi:^ On the other hand, since the heat loss will 
he reduced, there should he less scatter <^ue to changes in ambient temperature and wind , speed. 

Additional Considerations ^ % ' , ^ * * 

Although the current test pro^cedure requires t^at the relative portion of the insolation 
that is direct and diffuse be measured and reported, there are no allowabl^limits set for 
the* tests. After further study of the effect this factoi»^^ou3ja^iiaS)^e- o'lt thy 'reported efficiency, 
modif icatjjjp to the test requirements^might be made, - ""^ 

The variability •of the incident solar radiation in terms of spectral distribution and 
the ratio of direct to difJ*use^:adiaCion are illustrated in Figures 57 and' 58 [9?], respec- 
tively^., "The comparison of measured solar spectral distribution for conditions approximating 
air mass 1.7 with the calculated distribution for 'air mass p, 1, 2, and 3 J.s shown in 
Figure 57. The poor correlation at short vavelengt>hs is at^^ributed to atmospheric scattering, 
Unfoi*tunately, measured spectral variations as a function^ of- a:iimuth angle, af^ftude, and 
'atmospheric conditions are not'cAvailabl'e . The spectral changes in Figure 57 were caj.c\ilated 
as a function of air ma^ using a standard atmospheric model. These variations combined with 
the -spectral prc?perties of selected oi^i^al materials shbwn in Figures 59 [56] and 60 [98] 
(used to enhance the absorption and/or minimize the elMTssion qf thermal energy by the col- 
lector) could requiVe modiJf;ication of the test procedure to ^include more detailed exposure tests. 



Aji indication of ^the influence of scattered solar radiation on the performance of a 
flat-plate collector with two^Tedlar covers Sind a' selective Jblack coating on the absorber 
Is shown in Figures 6I and 62 [99]. At normal incideno^' '(Figure 6I), 50% diffuse radiation 
caufees a reduction in the efficiency of the collector by about 3% under maximum irradiance 
conditions and^ about. 6X for minimum irradiance. At an;^incident angle of ^40^' (Figure 62), the 
50? dif/use radiation condition causes a decrease* in e'fficijency by about k% at maximum irra- 
dian({e and 10? at minimum irradiance.^ These calcula'Tl^s were made assuming idealized con- 
ditions of a cosine distribution" for the diffuse radiation and a black Lambertian distribution 
for trh^ absorbing surface. ' ' , 

The results of using the teat procediire bei,ng propo^d. for a specificV collector should 
allow a designer to make a realist'ic assessment of the output of that collector for his 
particular application. The broad (iues^tion of how one takes an efficiency curve su6h as 
Figure 8 and {Predicts ^the performance for other than test conditions will be discussed in 
the next section. It should be noted here though that 'additiji^s will likely, be made to th^ 
test procedure itself to enable tffie determination of information in addition to collector 
efficiency as well as efficiency at other than near normal incidence conditions. 

Smith and Weiss tlOOJ have suggested that in addition to determi*ning the overall thermal 



efficiency, determination of the collector design factors F.., 



F*(Ta) , and is ^desirable. 
Twp collectors under specified conditions may exhibit, £he same overafl efficiency, however,, 
their efficiencies may be. achieved in different way?. .One collector might have a minimum 
loss coefficient, U- , and the* other might have a minimum collector heat removal factor, F^^ 
Consequently,, the two collectors could veiy well perform differently in specific locations 
or types of service (i.e., high wind or high operating' t,an:^eratures) . 

The, modifications suggested by Smith and Weiss are*^\ initially evaluate the effective 
transmittance-absorptance prpduct and the heat removal factor, which are nearly constant foi^, 



^Identification of commercial products does not imply* recommendation or endorsement by the 
National Bureku of .Standards. ' 
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a givfin collector* design. The effective transmittance-absorptance paroduct is experimentally 
determined from three pyranometer measurements. _F?^is* snbsequently determined hy operating 
the 'collector with no ^heat loss, that is,, with (t^ - t ) equal* to- zero. Finally, it is 
possible to determine U^^ as a function of wind s^eed anft operating temperatures hy 'operating 
the'collector with<afero insolation (i.e., at night). There is thus developed from these 
tests, a value of. F*( to) and along with plotted values of U as a function of wind speed 
and operating temperatures: ' * ^ 

The deterqination of collector efficiency at other than near normal incidence conditions 
could be^done in one of two wUys. The ^^Ptoi^ctor tests qpuld he conducted at several ranges 
of incident angles and an efficiency curVe determined for e'ach-range. A sec;ond method would 
he to revert to a day-long test where the variation with incident angle would autdl^tically 
he accounted for. Of course for simple flat^plate collector geometries, where the absorber 
is coated with black paint, the performance at of f-normal-ihcidence can already be predicted 
aa will be pointed out in the next section. 

T V ' ^ ■ , . 

In jorder to demonstrate the importance of angular response and its possible effect on 
collector efficiency, the directional properties of typical high performance collectors will 
be cited. ' • ^ yT ... 

One method of reducing the thermal losses fr<>m a collector is the addition of selective 
absorber coatings as has already been noted. In addition to' having spectral" selectivity, < 
tjie properties, -o£ the coatings vary with the incident angle as shown in Figures 63 and 6h [98]. 
^ / . ' 

Th^ us^ of a honeycomb structure between the cover plates, of ' flat-plate codlectors- as * 
shbwrj in Fi^e 65 has-been and is being given ^serious attention for reducing convective and 
radiative heat losses'' [ 101-111 ] . The relative transmission of Mylar^, aluminum, and paper 
honeycbmb material as. a function of incident angle is shown in Figure 66 [lOU]. The sig- 
nificant reduction in transmission of the paper and aluminum materials at angles larger than 
15^ will certainly effect 'the day-long performance of a non-oriented collector. Figure 67 fcl7] 
shows how the (xa) product foe a flat-plate* collector with a, black-painted absorber is 
affected by the addition of the honeycomb material (compared to Fi^re k without^ it)* 

Figure 68 shows the results of tests conducted at the NASA Lewis Research Cervter^s indoor 
test facility where a two-cover-glass collector with a black-painted absorber and Mylar^ honey- 
comb was tested at normal i'ncidepce and at kl^ off-normal-incidence (29). For this test, 
the collector stand was rotated about its vertical axis which meant that the tilt .angle for 
the collector was tlje same in both cases and hence the heat loss should have been the same 
for both tests. This did result ^ indicated by the fact that the- slope of both "curves" 
in Figure 68 are the same. There was a nine percent reduction in (xa) at hl^ compared to ^ 
the normal incidence condition. _ ♦ ^ & • 

Modifications of^he 'hexagonal honeycomb j|6nf iguration to a rectangular configuration " 
has been extensively analyzed and tested for an- and liquid heating collectors by ^uchberg 
et. al. [102]. The experimental results were obtained With 6.3 (l ft^) instrumented test 
modules utilizing multiple rectangular cells with specularly reflecting walls xioated with a 
solar transparent dielectric film. For the tests where air was used as the transfer 'fluid, 
the cells were> located on a blackened fibei>glass porous bed absorber. For the liquid heatings 
tests, a black flat-plajte absorber was used. The thermal efficiency for- three honeycomb 
configurations is sfcOwn in Figure 69. The correlation between a mean curve and data taken 
at different flow rates had a maximum variation from i 5 to + 8 percent but exhibited a linear 
relationship with the ^ rates of temperature difference to solar insolation. 

Determining angular response characteristics is equally ^.mportant for cylindrical collec- 
tors. Vincze [112] developed a nOn-evacuated cylindrical collector shown in Figure 70 that 
is now commercially available in this country [l]. Speyer built and' tested collectors in- 
^which the technology for makij^g fluorescent tubes was adapted for buildjlng* evacuated eleme^its 
which housed a liquid-heating- absorber [ll3l. Collectors very similar to the ones designed 



^Idejntifica^ion of ^commercial products does not imply recommendation or endorsemefjt by the 
NatijDnfd Bureau o^: Standards. ' 
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by SJ>eyer are being investigated by at least two U.S. manufacturers [11^4, 1151 and by the 
Philips Company in Aachen- [ll6].. * . 

* ' Simon of the NASA Ji^wis J^esearch Center has recently reported the performance of a ^ 
first prototype of an evacuated tubular collector obtained from^the Owens-Illinois Corpora- 
tion tT5l. It was an all-glass, rfonfocusing, ' nontraclCing collector. It consisted of twelve* 
1.05 m {Ul 1/2 in.) long tubes (length exposed to sunlight) spaced 5 cm (2 in.) ^part with 

a di^se reflector placed 5 ch (2 in.) in back of the tubes* A* f low distribution header ^ 
for ^e glass tubes was at the bottom of the collector » The total area available for solar 
energy collection (essentTially the' area of J)ack reflector) was 1»33 m^ '<lU.35 ft2).^Each 
tube of the colltctcJr consisted of an i'hner tube of H.l cm diameter placed within an outer 
tube of 5.1 CE diameter. T,he inner tube through which the liquid flowed was coated with, 
a selective' coating with an absorptance of about 0.8 and an Omittance of abou,t 0,09. The 
annular region between the inner and outer tube was evacuated to "a vacuum sufficient to prevent 
convection and conduction thermal bosses. ^ The transmittancfe of the oover tnbe relative to 

• the absorber tube cross section was 0.91. ^ ^ 

The collector was tested using the Lewis indoor solar simulator. ' Tesls were run at^. 
incident angles of 0^, 33°, and 5^ and the results are shown in Figure 71. For comparison 
purposes, the experimental "curve -for a selective coated, nonevacuated two-glass flat-plate 
collector^ is also shown in Figure 71 [29, 76]^ The more horizontal slope of the data for 
the evacuated collector indicates lower heat looses for this collector compared to ,the non- 
evacuated^two-glass collector. The other point of interest is that in contrast to flat- 
plate collectors, the efficiency increases with incident angle. This is du<i to the direct 
radiation beina received by the tubts being independent of incident angle. These efficiency 
** curves em^hasizej^ha-n^^ for angular response of collectors to be accounted for fLn the 
evaluation.' -^"""^ . * ^ ' * * 

In analyzing the two collators' of Figure 71, a day-long perfopnance comparison would 
probably be ipore meaningful. To demonstrate this, Simon *u^ed day-long insolation data for 
a June day iri Blue Hill, Massachusetts and calculated' day-long performance for alT inlet 
.temperature of ll6 °C (2^0 °F) and the tubular collector had a day-long effticieijcy of 35^ 
compared- to only 31? for the flat-plate collector. ' ' . 

In addition to possible modifications to account for the factors discussed above, it is 
envisioned that the test procedure will also be modified to.incJhde a standard pj;ocedure for 
testing coll-ectors op^fating in the thermosyphon mode, and a specification of an acx^eptable 
artificial sun or solar simulator- such as the ones used a^ the NASA Lewis Research Center and 
the Honeywell CorjJbration. O^her adcHltions will probabl/'includ^ an acceptable alternate 
method fSfr a comparative test using a. "standard collector design" as a reference as well as 
an experimental procedure for determining the heat capacity of 'the^ collector . : 

• • i * 

The motivation for a^comjmrative te«^M.s to simplify the current procedure. One would 
simply test the collector sid.e by side with a reference collector whose therm&l characteristics 
are well defined. Then by comparing the' "oi^tput" of , the two colij^ctors, one should be able ^ 
to determine tile thermal characteristicspf 'the collector in question. <^ , 



Even though the relative importance of the^transient characteristics of ^conventfonal-* 
coUectors is being debated [llT, lf81> there is iitt^e ^question about the f'act that some 
standard way of evaluating it would be, desirable as part of ^the proposed test method. In a 
•recent unpublished note [119], Bruno et. al. proposed a technique of obtaining the "response 
time" of the whole collector assembly." He defines "response time" to be the 10^ to 90? rise 
time found from fhe results of a« indoor- laboratory test. Initially the inlet oUtlet , and 
ambient temperatures are identical. Then jg^h a sufficiently ^igh flow rate (suchnhat 
(t , - t^r.^) < 10 ^C as T-> ") the inlet ^temperature i6 increased and a plot is*inade of 



(t 



for T > o and 'the 10? to 



rise time noted. 



f,i f,e ; 

V Throughout this report, little orjio emphasis has been placed on discussing the applica- 
|>i,m^ of the current test, procedure to^concqjpt'r^atinfr collectors. It has etlready Ireen noted 
ih^P the governing equations for those collect^ors^ are very similsw to ones for the cojiventional 



^Is""- transinittance takes into account the variation of transmittance with F^spect to direct 
radiatioft aJjout the eurved surf/ice of the outer tube. - 
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noi^n^y utilized. However, the test proc«dvire has i)een written with the particular appli- 
building heating and cooling in mind and^ comparison to the conventional flat-plat?^ 
' cbl^t^ctor ^s'felt to be Justifiably. As more information is obtained concerning the use 
of promising concentrators [I20rl23] in and around buildings, the test procedure could be 



W^--^-'^ '^^^-^^^^^^^ accordijigly. 




Kreith-' [I2li] has recently suggested some modifications'^that/coikld be made Uo make the 
procedure more applicable for concentrating oollectors. The modifications include: 

. ' , , 

a) •Measure the direct component as well as ^he total incident radiation. in the plane 
of the coriector and include tVo curves like Figure 8, one where the insolation 
-In the horizontal axis variable is jbhe*total radiation' and one where it is Just the 
~ ^ direct component. 

Measure tfie quality as well as the tempe?^ure and pjfessure, of the working fluid 
^sa as. to aaiow for a change of phase of the woi^king fluid as it passes through the^ 
collector. ' 
Measure separately the Reflectance of the reflector surface and th^ absorptance and 
omittance of the selective surface on the absorber if used. 



b) 



m 



' Using. Test Results for Design Purposes « • ^ 

♦ ^ ♦ ' ' ' - ' " * 

. . does or»e use/ an efficiency ciflrye such as in Figure 8 to predict the performance of 
the corrector for conditions other than those of t^he test? This can be done with different 
degrees ot sophistication as will be explained. It is assumed .that the output of a giveo 
collector is desired over a specified^ period of time ranging Cr'^l^eeks to a year. There' 
is -interest in developing tabular design data, using the efficiency plots, actual weather 
^ data, and|currently availablSa^mputer programs ; however, that has not been done as far as 
v^^t theVauth5^s,or't.his report .know. , . ^. ' * 

'v 3. . ' ^ • '.' . ' \ i " , 

,^ In a rec^t study on "a large commercial office building, Kusuda et. al.^ fl25j used an 
effifciency plpt from reference [58] to predict the hour-by-hour output of a south-facing ^s?-. 
•double-glazed flat-plate collector for an entire year T8760 hours). A semi-onpirical routine/^ 
6was written which used input data from an hoiur-by-^our weather tape and an, equation for-the \ 
.efficiency of the^^collector as^a function of f.i f^e .- a*, and I whiph was" derived froa the 



~^l6i>^rand y inl^ercept of the efficiency curve. 



t 

The fg 



+ t. 



1^ 



whiph 

value was assumed constant 



:|dependiiig upon the operational mode of tl\e building's- n^ecRanical system ^d t was ^ad 
• di^eniy from tjie weather "tape. The available^ solar energy imping^ig on \.he collec«)r surface 
was estimate4 by f irst' calctdating the clear or cloudless day^ solar raMation using^ theo- 
retifcal ntodel [96, 126]*and then modifying it by the cloud cover data taken from the?^ weather 
tape! The cloxid coyer modificatipn was carried out using the Boeing solar transmissivity 
,datall2T]. ^ . . ^ 



Although no correctipn was made for initident angle variation, one refinement* was in-,. 
* ,Hv.^?^J^5>^ ad;tust the efficiervcy values for variations . in wind.sj&eed. gince the outer ^ 
,,!f!J?;face temperature of the upper, coyer plate was known and, reported and the hour-l?x-bour 
, '^y^"^^ speed could^be read from the weather type, an. hourly calculktioij was made of 

''^1^,^?'<tPef^icient h^or (sefe;*>Eigdre l46) . r 

I \ Pig«i"e 73 was;^taJcen from reference [125] and shows the cumulative coUected -energy for 
\vv5? ^^iW at^an angle, of during January and Febniary,^196a^ If tlfe'ayerage 

energy were estimated on the basis on thi^s 55..day period','the -soi^heatln^ and 
^j^^J'^S ^ystem would be sized assmaing a.Jjaily collection of k x 10^ J/m2-(360 Btu/ft^) if * 
Wl^^^J^t^S^^^^ ^^^^ mffintained at 38 <>C .(lOp <>?), This figure indicates,^ however, 

'>*?^^. C (^^^ **F) fluid temper^ature were itoaintained, the collector could be sized only 

^9n't.<the )ja?is bp2.r x 10^ J/m^ 1[2l*0 Btu/^'t^).- ^ / ^ ' * ^ 
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A very sinilar approach was taken^by Prcxitor of CSiRO [128]» ^ysing the basic equation 
assuaed to desci*ibe. »the collectors tested at CSIBO; and j^ing expe^finentally detemined " 
values of the collector performance factors, the output of a 0.79 ^ single-glazed selectively- 
_s\irfaced flat-plate collector was predicted on an hour-by-hou? basis for an eight-year 
period. The daily totals were coaputed and the average daily total for eacKconth of each 
^ar detemined^. The %ight-^ear average daily output for bach aonth was tAen detemined. 
The average daily output for the eight-year- period is. stovn in Figure -7^ ac a jTunction of 
the_nean water teaperature in the collector. 

Sirson and Buyco -[I25] hav^ recently presented a procedure ^ for predicting flat-plate 
collector perforrance froa the solar siculator t^st data. JThe procedure is equally applicable 
for predicting the perforaanc? of flat -plate collectors onder specified conditions which 
are different froa those of test conditions. The procedure can be considered to provide a 
franevork for nodifying te?t data. Three correction factors are defined as follows: 



17, 



(25) 



{26) 



(27) 



vhere the'^suSscript s refers to the valuer dej-ertsined firoc: the. solar simulator test results 
and the variable without the Subscript s refer to the values under the new condit4pn^. One 
then detemines the value of the correct io!i factor and in turn the, new value of r^, U^, and 
at which can be used in the performance equation (-). * 

Siix>n outline the procedure for determining the correction factor K.^ ^i^en the flow 

rate, heat loss.f^tor U , and ti^.sfer fluid are different froc what was' used in the 

original test(s); JC, when the aabient teaperature, slty conditions, wind speed, tilt angle, 

L * 
and collector ooeifating teaperature are different i and K , when the incident angle is dif- 



-ferent. In addition, a*prpcecure is given for predicting the performance of the ^collector 
when the ratio of direct ^^iffuse soiaj^/radiatioh is^ different th^ what Vas present 
during the original tests. ' 



• ' . 3* . Tbercai Storage Devices - " , ' 

!rsal storage devices which are used as coaponents in buildisg solar heating and • 
fe systeas ttfe us;iaiiy ^assified as-^either sensible-heat or latent-heat ,dgvices. Sen- 
Siblerrheat devices are those in vhlch the heat absorbed by or -reaoved froa the unit results 
in ajy Increase or decrease in the teaperature-of - the storage sediuu and there is no change 
of ppase ot any port^n of t5«e storage nediua. lypical coaponents eaploy pressurized' water, 
lajpjnessuri^ed Vater , rock, brick, or concrete as the- storage aedixzsJ. 

^ Jatent-heat devices arci?> those Vhere a change of phase of the storage cediua occurs- In 
thp type, 903 1 of the heat added to or reaoved frpa theslunit goes into changing the enthalpy 
of the storage aediua during a change of phase process., -^torage aedia coaaonly used ia this 
t^pe'pf •device are, inorganic salt hy-drates and organic ±aterials. ♦ » 

The choice of^the typ^e of the*raal .storage unit to 'ose-is^frequent^Ly related to the type 
if collector being used in the heating and cooling systea. For ej^aaple, if a water-Aating 
collector is being used, the storage deri-e is usually a sensible-hpat typ^ in the fora of 
/onepr'aore water tanks. On the other hand, if an air-heating coi^l^tor is used, xhe choice' 
'will probably be between a latent-heat type, or a sensible-heat type in the fora of a pebble- 
bed heat exchanger. , ^ - * 

The perforaance of a thersal energy storage device is go-^emed by [I8*: {a) i^ts th^raal 
capacity; (b) the teaperature range over which it operates, (a) the aeaas of axidition or 




stor^e systea ;^ 

the tfcera^ losses froa the' device, and {h) its cost- ' ^ 

\ ^ * • ."^ ^ ■ ' 

As with ^he solar collector, eaphasis has been placed on develojang a testing procedyire 
tfcat viij aHov different coaponents tc be evaluated ^on' the basis^ of ther^^*'' perforaance alone. 
It is assined that the results of such tests can apd will be, coupled with other factors ^ 



1^ As with solar collectors, theraal storage devices have been treated here as ''black boxes'* 
yhich^are ccaracterized by the relationship between their input aod output. This i^ basically 
the saae way' they are consi»deregl by designers who are selecting the ecuipcent. In addition,- 
, attOTticn has Qply be«i given tc those devices wEich do not alter the phase or coapocition 
of the transfer fluid as ^it ^passes through the milt. - . ' ' 

There is one significant difference between the solar collector and the theraal storage 
unlt'viich has influenced the'^^eVelopaent of th^ test procedure- The perforaance of the solar 
collector is largely deterained by its characteristics under steady or "quasi-steady" operating 
ccDdi^ipns- Conse»u^tly; the test outlined in the previous section^ conducted under "quasi— 
.steady", conations. IJv- contrast , the perforaance of a theraal storage unit is deterained 
^ ^ largely by its characteristics unSer transient operating conditions • ^One storage jlevice 
" ^ cccpired against a second ohe ;^se theraal capacity is identical aight be far superior due 

to the rate at which it can store or giVe-up energy durihg'^ypical transient operating conditions 

'3.1 Methods of An^fysis and 'testing' * \- - * 
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I . The nost eactensive vprk on water storage tanks^Sts^een done in Japan [130, 131, 132]' 
.where this type 6?^' device has be^ investigated both theor^etiOally and expecinentally . Some 
recent analytical work has been done in this -country on the behavior of water tanks by Phillips 
ind Pate [133, 13^3 ac^ the behavior of "heat-exc^jpger-type thermal^ storage units ^ general 
(including water tanks) by Yang and Lee [13?] • ^ese theories which have been developed are 
onerdinensional and linear. Thus. .while they are lisefu^ for predicting approSdiaate beto-vior, 
they cannot be relied on in lieu of experimental testing/ . 

^ PhiHips^ an^ Pate'* analyzed a^ pimple systea consisting of a ;water tank connected to a 
w^ter/air Iheat exchange. Air is passed through the^heat exchanger to deliver as well as . 
.vWitladi^w heat free the storage tan^t^ In one case (l^3l the water Doves froa the tapk^to the 
i^t ^exchanger by natural convection and in the second 113^], by forced convection. In bpth 
^apers'f^esults are presented ^n terns of jiiaensionles^ parameters to^ allow onfe to*'Hetjei:mine 

- the transient response of the storage .tank^.to a specified input at the heat exchanger. Some 
experimental data.^is presented which shows very /good agreeaeht with the' prediHed analytical 
xesultsV ' - . • ^ • / ^ ' 

• ^ » 

The analytical and e3cperimental work of the Japanese (l30,' 131, 132) and the r^ent ^ 
paper by Yang a,pd Lee [1351 will be reviewed in grfeat detail lAter in this section since the 
^approaches are closely tie^ with the one used in the testing^ procedure in Appendix B. 

.One «f the original studies done on pebble-bed 'energy storage devices was by LSf and ^ 
Hawley [136] in whjch relationships were develoj^ed for the' Ifeat transf^ coefficient as. a 
function of fluid flow rate and pebble dimension. Kore recent analytical work has been'pre- 
sei2ted \ts> Handley and Heggs [137]. A sursary of the trade offs between heat transfer ^d * * 
pressure^drop that must be made for' this type of energy storage device is given by Close [138]. 
The basic governing e<juations which can be solved to gi^e tbe transient response of a pebble- 
,bed energy storage unit are pr^ented by Duffie and Beckman [iS). " 

*■ , ' 

The nost significant experimental data obtained to date for this type of energy storage 
unit has been for the two cylindrical storage units being used in the house of G^rg^ L8f ^n 
Denver, Colorado. 10,6l;0 kg (23^ 5Q0 lb) of rocfc of a noainal size of 3 cm'{l to 1.5^ in.) ♦ 
and having a specific heat of 750 J/(kg • *^C){6^.l8 Btu/{lb • *^?)) are stored in two cylindrical 
tubes of 0.9 i (3 ft) in garnet er and 5.$ m jl8^ ft5 high. Experimental data showing the 
transient response of thesS^^asits are given in (139, riO, l8J. ' , - > 

The use of latent-heat devices for energy enrage has had wide acceptancelfor So^' appli- 
cations such as in the space program where a^^ccsaplete mate^als handbook has b^en prepared' 
tl^ll. However, the use. of such materials for energy storage in solar heating and cooling f* 
.systems has had only l^iited acceptance because of a variety of operational pr^lens. ^ 

Dr. Maria Telkes now of the University of Delaware has pioneered^much of tne work foy 
this application. In the late 192;0's,*she was responsible for the construction of a house 
in Dover^ Hassaclmsett^ in which energy was stored in the heat of fusioh of sodium sulfate 
d^ahydrate [1^2]. Eer timely revi,6ws of the^, status of this form of energy storage were 
published in 1955 (1^3}, i96U [ihk]^ and most recently in^l97i* (1^5, l^S]. 

The cost comprehensive^ work done to da^e oh this form of ^energy* storage in s^olar heating 
and codling systems has been done over the last- foiir/^ears at the University of Pennsylvania 
[5^, 1^7-159^1. Part of the work has dealt with using latent-heat type nageriMs ^as integi;1kl . 
parts of electric air-conditioning units that are deliberately undeaj'slzed and run continuously 
usihg the thermal storage material to redtice the peak electrical demand. In addition tp con- 
Sucting; analysis^or typical residential and corsnerpial applications [XhS, ik^y 150 158], « 
two anit^ were, built and tested in the laboratory (l5i^l5M. The other ^or part of the 
.Univetfsity of Pennsylvania work has dealt dii^JJ^ with^djatermining^^the characteristics of 
typicairiatent-heat type materials ll5i, 152,-155, 1591^4^^ making, a'comparison of the cost- 

- -effectiveness off.using this type <?f an. ener^/^storag^imiti in a typical solar heating system 
"[156, 157]! ^ Alth03jgh- some' experimental work was conducted fo determine the properties of the 
materials- a^ how "tKl thermal capacity of selected ones changed with time, no testing was 
4one on a fully-desigried storage unit typical of' what might be installed in a worlting system. 



Installed in ^ 



The sol-ar heating and cooling* system installed in an experimental hSuse at the^^Univef sity 
ot J)el^yBre [l6o] uses two ^th^rmal storage units in which air is blown through the storage, 
imit. Either uhit^delivers or removes energy from latent-heat material eni;^apsulated in * 
cylindrical tubes. No operating data has yet been ^published on the performance of this unit. 

^ , Other theoretical studies are available that will enable one to predict the transient 
behavior of very specific configurations of ph&se-change materials subjected to. specif ic 
boundary conditions, ^^jrpical examples include a sandwiched plate where the space between ♦ 
the pllates are' fllled'with a com^nation of metal fins and phases-change material [l6l] , and 
a cmposite cylinder in which the latent-heat material fills one of th$' la^fers [x€2]. Such 
examples 'are usually only beneficial in predicting the performance of a uhi't.of the particular 
configuration and boundary 'conditions covered. , ^ 

Two of the analytical fitnd/or experimental studies mentioned previously^ irill ndw be 
^escribed in some detail due to their general , applicability in providing a framework for the 
evaluation of thermal storage units. . , • 

/3-2 Alternatives for a ^Test ing Procedure * . ' ..^-^^ 

« ' ' ' \ " -' 

The method which has been most compnly employed in\ testing of water storage tanks in 
Japan [130, 131, 132] is to cause the transfer fluid entering the storage device to undergo 
a step change in temperature* and tp, measure the temperattSe response oi the transfer fluid 
leaving the storage unit.. By integrating the difference in temperatttre^ between, the inlet 
^d outlet over the testing period* and ^miltiplying the result by the transfer fluids' mass 
flow rate and specific^heat , one can determine the amoxmt of heat, added or removed during 
this ti^ie period. If :the time period Glibsen for the teSt were some characteristic time 
depending upon the size of the storage (|evice chosen, the iieat stprage capability of different 
de,vlces could be compared. This will beSilugijrated by citing typical results taken from 
^f^feren^e [1351.7 - ^ 

^^"^ang'and Lee (135^ performed an analysis to determine the natune <5f the 'trans ien^^eat 
transfer betweai a heat storage unit and circulating or transfer fluid due to Variations 
in the inlet temperalifre of the^transfer fluidl ^ The configurations chosen for analysis are ♦ ' 
shown in Piguyes BT, Bfi, and $9 of Appendix B. Figure BT shows a specific-heat type storage 
device in which a liquid storage meditun is heated or cooled by a fluid passing through thin ^ 
tubes inside *the container. Figure B8 s^ows a pebble-bed type unit in which the transfer 
fluid comes in direct contact with the storage medium. Figure B9 shows as in> Figure BT, a 
heat^exchanger type storage device except in this case,.,4he transfer fluid, is circulated^ • 
caround tuties _which encapsulate-a latent-heat type mater ial such 'as a salt hydratg^,,^i--»*>jf^ ^ 

'"^The basic, on^^imensional transient equation? governing the temperaJ^H^e distributidA 
of^^th the.Jiransfer XIul^ and -storage* medioim ar>f present ed^and solved i^ing the Laplaci^V 
fransformat'ibn technique. Yang and Lee point q^t t,hat the Jxjundary cotditions^ost appropShiate 
•to simizlate a real^torage device would.be some *arbritary variation ofim^et fluid' tempferature 
yith^14^e. However, since it is iiiq)ractlcal to calculate the system /d^poiJ^ for energy, 

^J^r^ since the storage system is described bf llnear^suations, its. 

jiS^acac^.chaxfitcterist^cs may be conveniently investigated by using a TteA input oXa sinu-f ^ 
"tpjdal^^jbnxt. Solutions are given in [l35l for both the step input knd \he-sinusoidal input for 
the configurations of^ Figure B? and B8 but only for the step input f\r tWe. latent-heat,^type devi 

i'"'-^ ' ' - . , ' t 

* Typical resiilts are shown in Figures Bit) and Bll of Appendix B for the'^ater tank in ' \y 
which water is also circulated through the heat exchanger as the transfer fluid and where * ^ 
^he inpixt is a step function. Figure BIO shows the temperature distribution of the transfer 
Xl^cL'^as.^^ftmction of position down the tube and time. .Figure Bll shows the same thing » 
tor the storage medium or water in the tank. These resiats were for the case of negligible 
Resistance to. hea£ transfer at the interface betj/een. the tubes and the storage medium. 

^is is strictly true only if the losses from the putside of the storage \init are negligible. 
Otlieirvise, the losses 'must be accounted «ror in the energy balsuice. , 
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Kensionless form 
divided by the 
Po get t*. The 



K)ne|should note that it has. beefn possible to*, present the results in 
,.,,^j,where th^ temper atip^e difference bejcween the flui<^ and the initial value^ 
difference between the inlet value ^ai}d the initial', value [step function)'^ 

space dimension is divide^ by the tot&l path lengtf\'. through the storage Jfevice to get x* and 
tilae ha^ been made dimensionless ^by dividing it by *^he time required fojfta fliild particle 
I to tfavil through the system of length jl, where \u is the fJ.ow velo^it^-T^h^^rocess^ 
non-dim4nsiorfa^izir>g -the results has been possible dUe to the fact thSt the syst^^^ehavij 
is descfib^ by linear equations. In reedity, the r^^spons^ of storj/ge devipes 'will only 

^approx5jiat4 a linear behav.ior. Consequently, the testing procedurtf beingi propoSed'by NBS 
has be^ written in such a way as to- determine the re^onse of th^ system to different degrees 

j^f ste^ .input and for both heat storage and heat removja,! proceSjfis ,even though the j^e^ults 

^f the Jlinei^r^ theory woiad indicate' that thi^ i* unnecessary. 



■4^ 



T|) demonstrate how different stor.age devices can b^ comps^ed based on thelf response to 
Jl step| function input, the results of reference [l35] halj/'e'been used to- plot the curves in 
"FigxxreJ Big. The cufves are plots of dimensionless temperature difference between the^nlet 
and oi|tlet of a storage tank configured as in 5^ure BT.'^Both curves are for the same flow 
rate (|ffwateVt( transfer fluid) through the storage devicei^. The only difference between/ the 
two i| that on *bne hand, tliere is a finite resistance to» hbat transfer on the outside or 
pipes |(h = 56. T W/(m^ ' ^K)) typical of natural convection in the tank and' on the other. 



there; is negligible resistance, (h 



The area under the curve represents the amount of 



energ^ transferred in to or away; ?rom the storage unit.** As can be seen, the device with the 
small^t resistance^to heat transfer , is cle^ly the more effective one 'for absorbing or 
releasing •the energy. 



5ii/unti] 



^until this point, empliasis has been placed on -discussing the comparison of storage 
^devic$es based on ^h^ir respon^^t:5'*1i step increase in inlet fluid temperature 



masis has 

Step increase in inlet fluid temperature. ^ Other possi- 

bililjies exist. 

) ^ ' . •.. 

JA second metJio,(J that could be* employed would be to subject the transfer fluid entering 
the Storage unit to a constant influx of heat, <i. This would result in raising the temperature 
.o*f tfie entering transfer fluid (assuming .the specific ^heat of 'the treinsfer fluid is constant) 
.by aifixed number of degrees" about the outlet temperature. By measuring the time dependent 
outlet t^perature one could obtain information that would be^^iseful in desi^gning collector- 
storige systems. While^is met^hod simulates more closely the real. interaction between a 
coll4ctor and a st'orage^yice,- it has the disadvantage that one cannot measure the energy 
storage and removal^. capability of the unit. This is due to the fact that i£ one measured 
the heat absorbed by tjie storage unit over a period of time, it would 'justTe equal to (J 
times the test period 01* the amount of energy added to the system. Thus' the on^ way of 
comparing different stprage devices would be to compare plots* of outlet .temperature versus 
time for different values of Q chosen So as to take into account the different sizes of the 
storage units being compared. The storage device with the lo\rest average outlet temperature 
would probably be considered Dest because this would tend to maximizg^he 'ef f ipiency of a 



hird method would be to use a time varying. (J and to measure the outlet temperature as 




of tiifte dur 



ing the testing period, 
e or more days^and to d 



This would allow one to simulate th^ output 
of a collator over one or more days^and to determine the response of the starage device. 
If the tim|^ dependence of Q resulted in an oscillating inl,et temperature, onb would also be 
k at the*degree of stratificalsion attained in the storage *unit . This method has ^ 
sadvantage as lyje second in that it ^ould be very difficult to compare the perfor- 
fferent storag^. devices. In addition, one has the' problem of deciding on what is * 
cycle, for Q; not an easy task when one considers that the output of the collector 
oniy^on the weather but on th^ paLrticu:i,ar storage unit employed. The ma^or ad- 
this method woiad, be that by inserting an array of thermocouples in the storage 
medium,/£he experimenter could measure the *t^p6rature stratification in the unit. _ 



^In this case, it is only a conceptual representation since the product' mc^ ^ has not been 
incixded in the ordinate and the. At is dimensionless. ' x 

. ■ « ■ ■ - 
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S^t ratification! which in water tanks results from different temperature water seeking' 
its own»density 'lifvel, is a desirable characteristic for operation in a solar heating -and * 
cooling systfem when the inlet fluid temperatug^ varies up and down with time. If large 
stfatificatitn results when the inlet temperature is either constant or a monotonic (increasing 
'or aecrel^sirfg^) function of time, it ia probably a result of shorl circuiting flow (i.e. dead 
space in a, Water tank)." This^short circuiting of the flow could result in higher fluid, 
temperature! to the collector and thus decreased efficiency, which could easily off-set the ' 
advantages if stratification. <^ — * * ' * ^ - ^ 

^,3.3 Relati^bAship.^Betw^en the Three Alternative Approaches 

V ^ The mdthod chosen for the preliminary test procedure outlined herein is based upon the^ 
first alteJnsJtive in v(Jjich the storage device i^s stibjected to a step change in inlet t^empera- 
'^ture and tie response of the outlet temperature is measured. Some of the advantages of tha,s 
approach ofeer the other two have been cited above. In addition, the results of this approach 
are relatefl to'mid theoretically could be used for predicting the results under the conditions 
of the d^thfer two approaches. Some of the theory of thermal jtorage in water tanks outlined 
in referer|:es (l30, 131, 132] will be summarized to show thiVrelaticJ^iship. 

I * * ^ 

The tiasic assumptions in the analysis are: . . 

the respo*nse of xlje^ thermal storage system is a linear function of the change in 
(.he inlet temperature, and - ' ^ " . 

mixing process in the tahk»^'can be described by a one-dimensional diffusion 
Equation. . ^ ' - , ' ^ 



h 


The 




a) 








Assumpti 
ture vto i 




where 



















e^^^(t) = / a>(t-T) e.^ (f) dT ' 



T. (t) - T 
;in o 



(28) 



. At 



T' ^(t) - T 
out o 



out At 
^ t = time 



* "^n^^*^ * inlet temperature at^time t 
T^^^(t) = outle^^;temperature at time t 
T^ = initial, temperature 



At - step change made in inlet temperature at ,t=o 

and bi(il is referred to as a superposition function. Solving the one-dimensiohai diffusion 
equation . ^ 



^ " 3x 3x 3x . 



(29)- 
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a'* 



with the appro|)riate^unciary conditions at the inlet and outlet, one obtains for the super- 
position function, 



if 



where 



exp(M) 



n MM^ 



' + 2M +' u ) 
n 



exp 



2M 



U >(30) 



i = characteristic diraension of the tank 



u = average, flow velocity in the tank 
th 



M = Hi 

2E ' 



E =Miffusio 



solutiop of the equation cof u = — | — 
mixing parameter 
oefficient 



The indicial response of the outlet temperatur'e , 
' is from equations (28) and .(30), 



8(<^), to a unit step rise in inlet temperature 



ft 



(i)(($>-^lO dT = / 
o 



o(t) dT = 



CO ^(-1)" M iif exp (M)"^'^ 
. I 

n=l (M^ + 2k -F -p^) (M^ + y^) 
n n 



exp 



n 

2M 




(31) 



:f 'equation (3X) ^^s used to plot^6((J>) as^a fjunction '0^"$, one obtains the xe^ts- 
in Figure The^ctirve o'btained when M - "» 1[E=0) corresponds to the~case of pferfect' 



If ^ 

IsHown ir . _„ _ . - 

"piston flow^ (kXu^ fiow) in'jfhicH' there is no mixin^fi tjtie tank. Therfe i^ "no response in the 
outlet temp*eratiirl^..-until the fill time isr reached' , after which the outlet temperaj-ure 
becomjSSj^^e-same as the inlet temperature. When M = 0 (£=«>) th^re is instantanecms mixing ^ 
X3f ^the iniet water with the rest of tjie^water in the tank and this is refer^red to as liheL.,.' 
perfect.^ixing case. Other values of M hetweeft 0 and result in outlet temperature response 
curved' i|:hich lie between the piston flow curve and tliie perfect mixing curve. As in the 
analysis/ presented by, Yang and Leei^{d35L the independent time variable here is a dimension- 
less quantity where time has been divided by the characteristic' time i/u. 



Looking only at the leading terms in equation (31) > one finds that 
6(4.) =^ 1 exp [-a((t-(t^)] E(.^-(t ) J 



where 



(3^) 



m2 . 2 
2fl 



ItO 



♦ X 
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i*Mii2 exp (M) 

.T 1 



Taking tHe natural log' of botjpi sides or (32). results in the equation 



Jin U-e(<i>)] '= a (<i>-6 ) E(M^) 



uation # • 

1 s 



(33) 



Thus if the experimental results for 1-B(<{>) are plotted on semi-logarithmic paper, it becomes- 
a simple matter to determine the values of a^^nd_(^ , .~ \ - ' ► 

' - I J 

The results in equations (31) and (32) may b'e generalized to take into account the effect, 

of short circuit flow and dead space in the water tank by introducing the parameters 



P = V*/V = effective ^?blumetric ratio 

^ . " * ' f-'J 

T = ml'/m = effective flow rate ratio 
and replacing $(U) by * ^ ' 

q 6(| ^) 

- where (V-V* ) is the dead space in the^tank " 
and . 4m~m* ) is the flow -rate which is shoi-t circuited 




. , Once the indie ial response ^3 (<{>) has 'been found by the use pf equations (31) and (32) ot*' 
(33)., it. is a simple matter to determine the response to an ar))±tirary ir\let temperature 9^. (^). 
Sincet S{0) = 0,. equation (3l) gives . ' * ' ^ q^r^ -7^, • ./^ 



■J 



and^^hus 



a>(?r) 



/ (4>-t) 9. 



(t) dT* 



(31^) 



(35) 



follow from equation (28). 



Methods, two and three discussed previously^ as alternatives for the testing .procedure are 
. related in this theory to the indicial response method *o,,.,This can be seen by exam^ining. the 
„, fproblem illustrated in Figure 76 in Whichythe storage .unit is subjected to as variable. ^inflvix 
^<5ftof/-heat (J {<^). Since the inlet temperature is Just * ' 



|^<^-J^';'>'--1fknd where 



mm 



A(*)"*= Mil 



1 1 ^iiHrAi"" 




■ I 



is the tenvperatur^e rise 
and is the specific 
•furictaon by ' . 



in the transfer fl^d as a result of adding heat at the rate Q (^) 
heat of water, one finds that J^^^^ {(^) is related to the superposition 



9' ^{^) = / a)(*-T) {e .(t)n- A(t)] dx 
out oux 

. 0 * ' 

The Lajxlace transform of equation (36) gives- 

A(s) 



out 



u)(s) 
l^w(s) 



(36) 



(37) 



ti-anforms- of 6 



vheye 6. (s)„_,^{s) and A(s) ar^ the Laplace 
fhe indicial response, A((^), to a step change in A is 
of the superposition function "by 



then ?e' 



.(<^), w(^), and aKt), respectively, 
iated to the Laplace transform 



7 



A(s) = 



cj(s) 
l-u)(s) 



(38) 



where' A(s) is the Laplace transform of A((^). Figure 77 shows how varies with ,for 

different values of the. parameter H. Tl>e response of the outlet temperature to an arbitrarx^ 
Q(t) can then be predicted using the equati^on 



heat 

n 



flux 



Nout^*) 



A'((^-T,) 



^ "tf 



dx 



(39) 



f 



* Thus, by .finding the irirficial response S( 
may determine the superposition function u)(^ 



to a step cbange in the inlet t^perature, one 
If this i-s-done. experimentally, one covdd force 



fit the data to a'^lot similar to Figure 75 vhich would allow a water storage ^ank to be 
described by a„ single mixing parameter M. A loy ^alue of M for a st6rage tank would indicate % 
that the tank was close to havin^g piston flow and thus had a better storage capability .than, 
a tank having a larger, value of M. Once tbe superposition fClnction u)((^) was determined,- 
theoretically one could predict the response of the outlet temperature to an arbitrary inlet 
temperate 6. W or to iS^arbitrary-' heat influx 4((^). f . 



- The problem i 

lineeur.^ storage \ 

not- completely li\ 
3 would respp^nd dif: 
''temperaturjel.- In addition iipr wate; 

present, one wquld have be feble 

unique value of M. Cleaiady this is 



^th thia ijrpc^dure^ is tfftat the theory outlined above is ort^a^ensional and 
Lvip^§ send^ particularly yatet tanks are^three-dimensional _and are^ probably 
lar. "5 Fbroex^jyle, it is not unre^on^le to ^expecj that' a given device 
te^ently to ak*s1?ep rise in inlets temperature ' ' - ^ 

*arvki.s, when, there* is ^ho; 
om^a^ute "the parameters^ 
irfpossibility . ^ <i' 



an to a step decrease in i"nlet 
circuit floV or dead space ' ^ 
3^ in order to obtain a^ 



3.U * Becommended Test Procedure 

^>x.%The testing procedure *that ,is beingS^pi:opo1 
Appendix B. As with the collector test procedu: 




id ^.f theVmal, ^tor^^e" d 
it has been wrftten/ih 



ices is 'feiven in 
a format consistent 



^^^.xVith other-standards of the American Soci^ety olf Hfeating^ Refrigeijating, and. Air Conditioning 
Engineers. * ' " ^ / * . ' /^P^' 

. " ' The test procedure is limited to thermal storage devices that can be isolated so that 
; ^ they Jiave effectively one inlet and one outle^^. The energy o^" the fluid ^ntering^and leaving 

- are 




thermal storage unit can be determined 
then compared in order to calculate, the ampi 



taking appropriate jseasurements. These quantities 
iiS'bf. energy &t<>r^Uj>r',retrieved during a 



pjttiicular test. »The" fluid can be either ^^a, liquid or a gasj>ut not^^combination of the two 



U2 



^50 



, 



.j^^v. ,^ The .stipiilatiqn .pf testing a thermal Storage device which has^ffectively only one.4nlet 

r^"/^ ^ aia^ one outlet. ^is not overly res€ri6tive, particular lysf or a pebble-lied storage unit, since 
fr2'^' .they usually operate in this manner. When fed with hot,"^air from the collector,- it -is blown 
through the device in one direction; when heat is to he extracted, the a^?^om the building 
distribution system is usually blown through it in tiie opposite direction. 




t^^N-. V- However, the* situation is different^ for other 'types of units such as water taiiks wi^h 

'i;^^V embedded heat exchanger s^. The transfer fluid ,from the collector is fed into and o:»t,of the 

^. „^ H5^'*^ usi'ngfone set of inlet and outlet portals when storing energy. Another ^set is used for 
ea^tacting the storage fluid and hence withdr^^wing energy for use in the building heating 
and cooling system. It Is understood that in testing thi^ latterjiype of device j ^the appro.- 
Pri^^^.ft single inlet and single outlet sl^ould be used^in the r.espective tests of energy storage 
and energy retriOTal^'''When there is doubt about the" ultimate use of the device or it has 
been specif icaaiy designed tcf.be used in several different ways, all combinations of a 
-^sin^le':lnlet and single outlet should b'e tested.*"" • ' ' 



The procedure as written in Appendix B specifies the apparatus to be used wtfen^a liquid 7^ 
(Figure B5) or air (FigvireB?^is the transf,er fluid* The detailed requirements/^f^the V 
apparatus are .given along with specification for instrximentation to be used in me6.siiring * " 1 

temperature, temperature difference, liquid flow rat^, air flow rate, pressure, piessiire 
.drop, time, and mass. For the specification of instrumentation, emphasis was placed on 
utilizing 'existing standards and other manuals of acceptable, practice as given in references * 
[l-lO] of Appendix B. The nature of the apparatuses and test procedure maHes the tests most 
feasible- for storage units having thermal capacities on the order of 10^ J (lO* Btu) or less. - 



^The series pf tests that are tQ be conducted are as follows: 



1. One test to determine' a heat loss factor for the storage units, / - 

2. A series of four tests to determine the response characteristics of the device to 
a step increase in the entering fluid temperature^£|enei^ addition), and 

3. A series of four tests to determine the response characteris-^ics of the device to 
a step decrease in the entering fluid temperature (energy withdrawed). 

, ♦ - ^ . ^ ' ^19 . ^ • 

^ The heat loss test consists of passing the transfer fluidfthrough the storage unit with^^ 
an inlet fluid temperature of 2$ ®C (k5 ®F) above the ambient^air temperature and after 
steady-state conditions have been , reached, measuring the average temperature .^ifferencef 
between the inlet and outlet fluid temperature over a one hour period. The rate of heat loss 
is tl>en determined by . - ' * _ 



mc^ 



fi^^:^. .^^^^^^^'^ ^ tf ^ in out - ^ - - . * i 



inWC ' ' , - 

To test the transient response of the storage unit,, the method of measuring the, response 
of outlet temperature to a step change in inlet temperature, was chosen as a basis for the^ 
'iest. This method was selected because:. ^ 

(a) ,it permits the determination of effective storage "capacity and thus allows an ea^y 
v'JST % ^ . "> comparison df different types of storage units, , " ^ "... 

£.v^-^'- > (b) it appears to be the most, fundamental approach since linear th/aory shows that ;the 

^''^ ' outlet temperature^ response to a constant or variable heat flux 4 .can be predi<ite3j^^ 

if one knows how the outlet temfjerature changes with a step change "in inlet temV^ ,1 
_ rpefature, 'and', / - ' ' . . ^ . v 

t!^^^ , (c.). it is felt that the relative performance of storage devices using this method will 
%f0'^^:'\^ '^'^j^^ ' ^^f same if either of the other procedures were used. ♦ ' ' 

^ ' 



/ 






.Prior to Sscussing tha^test procedure for determialng the transient response of the 
nni,t, thevconcept of a characteristic time, here called the' fill time Tp. will be introduced. 
Recall that in the...analysis^ of Yang and Lee [135] , it vas possible to present the ^^es^nse 
characteristics pf the thermal storage unit in terras of. a dimensionOjss lime where rwEL^ 
time is divided by some char:act^ristic.,tme Jl/^, the effective path length of the transfer 
fluid divided by^ the effective transfer fluid velocity. .This allows a convenient way of 
comparing , storage un^ts of the same basic design but of different sizes. However, if one ^ 
is goinirtq^compare two s^^c^e units of entirely different designs, ^hen comparing the 
responsVfofehe .two over the^sSlir^.period Jl/u might be unfair. Consequently, a different 
time^ scale is introduced herein that will allow storage units of entirely different designs 
to be compared' on an.<;eiiui'^ble basis. / , _ » 

If a storage unit has a specified thermalxapacity or 'storage capacity SC, aha'''"a^ transfer 
fluid of. specific heat c « is flowing through" the device at a constant flow rate m and has 
an inlet temperature At aBove the initial temperature of the storage device, then the fil3. 
. time is defined -by 



SC 



m c^^^ At 



In^th^ testing\procedure,'all storage units are tested for the same fill ti^^and then the 
thermal, responses compared. In other words, i-f^two different.sensible-heati'^^evices had the 
same storage capacity ^nd were being tested over the same' At b^t one used water (water tank) ^ 
' and the^tber air (pebble-bed type) as the transfer fluid, and' the flow rates were such 
that the fluid dwell. times (determined ,b.y Jl/u) were identical; it voul4 be unfair to compare 
the response of the two. units over thej^s^e real, tifee period. One would be able to charge 
' the water tank with considerably more'en^Wy over the same time period (approximately by the 
ratio of ((m c, J ^ )/(m'c.' ) . ).l '/Th^^ecommendation here would be to test the two 

t,x water t,igvair t i ^^^""^^"^^ 

units for the same fill time as defined; by equation (1*1). Consequently, the flow rates ^ 
would be adjusted sf>.that ( (m c^^^O^^^^)/(m c^^f.)^ir^ " ^' ^" ^^^'^ 
for' the different units are adjusted s6 >hat the ampunt^.of energy entering the device (or 
• leaving for an energy removal test) per/ unit thermal storage capacity is identical for^-the 
'tVo devices. 'r; (/ 

^ The f ill'^ime t„ and the f^oy ral|L of the transfer fluid m are related in an inverse 
manner according to equation J ^41) . Orfe possibility for specifying the test conditions of 
the transient tests would be to specify the At to be used, aUow the experimenter to select 
an m„ and then.,^depending upon, t^lproperties of the transfer fluid (c^ ^) and Storage 
' -capat^Lty of the unit, conduct the?itests for some .fraction or integral of the fill time. 
However; the experimenter vho was concerned about the optimum performance of his unit wquld 
no doubt select, a flow rate where the relationship between the energy transfer rate and 
pressure drop (or power required to push the flui^ through the* device) was an c^timum. 
In actual installation, the flow rate through and ^t across the storage device is controlled 
-by the flow rate through and, At across the collector and/or building heating and cooling 
system. The flow rate is usually proportional to the collector size and in turn the st^^pfige 
,^capacity is usually proportional to the collector size* Consequently, tl^e r^tio of SC/m is 
. ..constant within certain limits. As a result, in the test procedure, two different fill 

times are specified that arejelt to be t>i)ical of installed, systems, the At*s are specified 
: :|^iaccording to whether a liquid or air is the transfer* fluJ^d , and Ithe flow rate to be used 
?^ is calculated according to equation (ill). ^ I - / 



-^One. should recognize that for an ideal water tank where there is |ntirely piston-type flow, 
the above definition of fill time,4# identical with the fluid dwell t/me. 

. ^Air.Hheating collectors impose a.much'-higher At on the storage devic^' than do liquid heating 
collectors*. - . , • ~ / ' 







^ . According tg^Section 8 of ^AjjpendiX 3, the hea'tr loss test "desbrib^a previously is' to be ^ / 
v> % ^ conlil^ted first. */|«>llowing this, a series ^of. eight .tests aris to be conducted in which first^^/^^ 
^^jji,^ L C^,»^tfie, lieat storage dfepacity ,[^o\ir tests) and thea the |ieat removal capacity (four tests) aa::e L 
Cl^'Cx V. be determined. At the beginning, the thermal ^toipage unit ancL transfer fluid flowing f 
>Avv^^.' > tbirough the de vic e ^\ a 'specified ra a£re allo"ted to come into equilibrium at some initial * 
flff.l'.l tempe^rature. The' temperature of the tmnsfer fluid is then increased by an amount At 
^V'^^' " (specif zed below) and held constant, J^'The -amiunt of energy stored in the device over a cer- * 

to^ijj f^^^ time (specified^ beldw) is then determined by knowing the heat loss factqr and m 
5^*.^^ , ^ and, by 'making measurements of t|ie entering and leaving transfer fluid temper atu^es^th s^S^;^ 
Spect^V^ time. After the exit^riuid temperature readies an equilibrium value, the entering 
fluid temperature is suddenly decreased by the same At and. the amouut of energy r«noved 
from the device over the same filX time is, then determined in exactly the sfaime way,""' . ' 

i ■, * ' * ' ^ V ■ " . . ' ^ 

I • This process is repealed three more times ui^il all of the following combinations of > , 

5;^^ : . .illfi^ variables t_ and At are t ested: a ^ ' " ' - * 

V ' - ^ . ' ^ " * ' ^ ' • 

Tp = 2 h, U h and At = l6 (28.8-^F>., 8 {ih.h ^F)"'for^storaie devi ces using a-. , 

liquid transfer fluid, and '* ^ ^ ^ , 

>jr»= 2 h, U h and A^ = 50 (90 ^F), *28 {50:k ^F) for storage devices using. 

* Air as the transfer fluid. 

When a phase-change ''type thermal storage system is being tested that has beer^ designed to 
b^ "charged" or "discharged" over a specific time period, this time period shall be used 
as the fill time for testing^Jn* lieu- of the* above 'specified values. 

• 'i ' - ' 

Because of the concern that the storage capacity of lateftt-heat type devices degrade 
with number of cycles of operation [l52], there is a requirem^ent in the test procedure that 
this type of "device shall have been cycled through its clia?rge of phase at least 30 times 
prior to being tested. Personnel of the University of Pennsylvania h§ive ^stated that this 
may not be sufficient. , They, have recommended (163] that^ - 

'-'(/* * ^ 

"Latent heat storage devices ought to be tested, then cycled for 50 cycles', tested, o 

cycled for 50 cycles, and tested again. The difference in storage capacities^^ltween 

any two tests should be less than 10?. The difC;4rence between the sto|*age capacities 

^ ai'ter the 50th and 100th cycles should be less , than one-half the diffe2;ence between 

, the storage capacit5.es aft^er the 1st and 50th cycles, if both difference&sare of the , 

same algebraic sign. If the forme^^^iff ererfce is^iarger than one-half of \he lattei; 

difference, the device ought "to bp cycled for 50 additional cycles and^retested. 

Thi^^rbcedure shall be repeated 'as often as required." ' * \ 

Certainly close examination will be made of this factor in the planned carry-on program at » ' 
the National Bureau og.,Standards . ^ « . ; , - , ^ 

In addition to determining the so-called effective capaciti es for hfeat s torage and 
heat removal for the various- combinations of At above, ttie recommended testing procedure 
^re^uires that these effective capacities be divided by the energy that- could be stored in 
a water tank of fequal volume and in which perfect piston-^low occurs with zero, heat- loss . 
IThese so-called performance coefficients are required to ^be reported in tabular fprm (see 
. „ _ Section 9 of Ajopendix B along with a plot showing the time variation in outlet temperature 

.'Of the transfer fluid for aach set of t_ and At. ' ' . \ < - _ • - 



^So labelled effective in Appendix B' since, it is only that part, of the capacity that is 



"utllii^^^ time period t„ 

k^/-s ^^-^-^ - ^ P- 



M^: - . . . ....... ,1 



8t 



The r^rt reviews the testing procedure proposed by Wliillier and Richards of South 
Africa (31], Robinson and Stotter of Israel [Uol, a method used by CSIRO in Australia [hk^ 

.^5l9'^and tlie test, procedures used in the United States by Bartera and Davis of the Jet » 
Propulsion Laboratory [51], Moore et.al. of the Los Alamos Scientific Laboratory [52], the 
University of Pennsylvania [56}, and at the NASi Lewit Research Center^ [29, 69-77]. All 
of , the above .cited studies involving the tei^ting of water-heating collectors using the- in- 

.stantaneous method. All the tests ax;e or were conducted outside under real sun conditions 
except for the tests at the NASA Lewis Research Center which involved the^use of an' indoor 

^simulator* Only one study was cited where the calorxmetr^c approach has been proposed axid 
used for testing water-heat ing^coilec tors Very little testing has been done on air- 

heating collectors. -Four different studies were cited' [87, 88, 89, 90] all involving the 
use -of ' the instantaneous^ method, ' , ^ 

. Based on the literature review, the test ^procedure in Appendix A was written. ''The series 
of jtests that comprise the testing procedure is conducted outside under real sun cbnditions^ 
and the results of the tests are displayed in ^aphical and. tabuleir form. 

The test procedure is limited to collectors *that^ can be isolated s6 that they have effec- 
tively one inlet and one outlet. The energy of the fluid entering and leaving the collector 
can fe determined by mstking appropriate measurements. These quantities are than compared to 
the energjc incident upon the collector (also ,^etenaiiied by measureaent) in order to calculate 
♦the- collector efficiency. The fluid can be either a liquid *or a gas but not a combination 
of the two. < \ 

. • \ • / 

' As part^of the test procedure, the apparatus to. he used is specified both for when a 
liquid or air is to ^e the transfer fluid. The detailed requirements of the apparatus are 
given along with specifl^Jations for/ instrumentation to be used in measuring incident solar 
radiaticm>4,emperature, tonperatureoiff^rence,. liquid, flow rg^e, air flow rate, pressure., 
pressure drop, time, and weight* For^flie specification of instrumentation,. emphasis was 
placed^ on utilizing^exl sting standards and other manualss^ agg^table practice. 

The^eries of tests con^iX of detenaining the average^^^ebf^i^^ foi> 15 minute periods 
(integrating the erfergy quantities) over a range of temperature differences^ between^the 
average temperature and ambient air. The efficiency is then cjEilculated by: ✓ 
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.The flo^ rate is required^to be steady, and 'vary by* less than +_ l.Q? for, the duration of- each 
•test* fen addition, the transfer fiuid. shall have ^a known specific heat which varies by less 
than Oo^ over the temperature range of the fluid during a particular 15 piinute test 'period. 
Consequently, the efficiency can be detejrmir)^ by: 



n 
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» (1*5) 



The test, apparatuses specified have been designed so ^that the t.enperature of the fluid 
, entering the colljjctor can be <fbntrolled to selected values. This-Jfeature is u^. to obtain 
the data over the temperature range desired. At l^east sixteen, "data points" aretrequired 
for a complete test series and they must be taken symmetrical with-respect to solar noon 
'{lio , prevent biased results due to "possible transient 'effects). 

. , — ^^^^^ ^ , . " -J. ' -i- 

®The testing procedure itsexf is equally applicable for testing indoors using a«Eolar simulator, 
however, the present version of, the document does not list the requirement- for such a facility. 



^.^<'-:- ■ ^ ■■ ■ • / .... . ■ 



During each test Hjericxi, "the iaci^ient solar radiation aust be "quasi-steady". Ota^ 
^^.^ requir^ints TJiax nust be satis2*ied for each ''data "jx^ins** are that the 15 niaute average 

p«^^7 insoiatioA be greater than 63C V/a^ [200 3ta,1[h • ft')), and the incident angle between the 

^ sun and tne outward drawn noraal fr^ the collector be less than In additipa, the 

range of aabient teaperatures^f^r the entire test series snist be less ^.han 30 ^F) . 

aeasureeents aade ar^ the calculated effi<iiency for each "dat& point" are reported 
in tabular ^fom as veil as on a tvo-diaens^onal plot. Tae ordinate is the efficiency aisd 
'S*4iJB abscissa is tne aeai>art-a teapcrat^xre difference divLided by the insolation. It is recocs- 
^ cended that the ^i£s be standard SI or that the abscissa be aade diaensionleSs by dividing 
[ ^ tjle teaperature difference by either lOCT or ^2 ^? and ^fae insolation by the solar con- 
S ^stant. It is expected that a "straight-line" representation will suffice for cost conven- 
4 , tional flat-pi^te co^lectvrs. Representation of the- perfornance of a cone enya ting collector ^ 

or high-perforaance flat-plate, collector or. such a plot will probably require the use of a 
^' "higher Irder tit". 

Themal Storage Devioes " , 

. *^ . c \ • 

The developcer^t cf analy-Lica. acdels vhich^»fould aid ir. prvediqt'ing the perforaance o'f 
thens&l energy storage ^r.zs nas beer^^nani^-o^pped by the extreae^caplex**y .of "th** ph€D9ceni. - 
involved. For -^xaspl-e, water ^anr^s invclve three— diaensional alxing. Tee systeas eaployiiig 
inorganic sa:.t nydrax.es invcl\'^ coaplicated^neat transfer, niicleation, crystal grcvtb, and 
.inccng]^ent aeltin^- In addition, the total aac"»^t of analytical and experiaental vork done 
pn theraal storage devices as s^rig^^ coapcnents is faal \ in coaparison to the attention that 
has been given to solar coliecsjjgis . ^ n * 

^ ♦ The aost extensive vorX pn water storage tanits has been cone' in Japan I'130, 131 > 152] 
where tnis type of devic«^r*as J^en ln:|^st-ga^ed bctn theoretically asd experiaentally . Scae 
recent analytical wor.'. nas been dojie in tnis oo^trv o^the behavior of vater tanjcs by Phillips 
cajd Pate [133, 13^1 an- the ^fcavior of heat exchanger*- type theraal storage units in, general 
(including wkter tanxs/ by Yang andv lee Il35,.. ^Je above cited papers* have been reviewed 
ai2^ discussed in the report. ' ' - ' ^ 



The aethod which has ^.^ws^n aost co-=»nly eaployed in tesMng of water storsjge tanXs in 
Jajjah [13C, 131» 132^ is to cause the transfer fiuid entering the storage device to undergo • 
a ste?^, change ^n teiaperature and to aeasor^ the teaperature response «f .the transfea* fluid 
leaving the storage unit. By in^fegifcLting the differ.ence in teaperatiire between the inlet 
,and outlet over tlie testing period, aak zailtiplying the result by the transfer fluids ' ass's 
flow rate and specific heat , one can ^Ceraine the aabtot of heat added or reiKJved during 
this tiae period. 1^^ the tiae period ci^sen for^'the test i^ sdae characterist*ic tiae 
^iepending upc^the sizs oS the sto^^e device chosen, th^ teat storage capability of different 
de^'ices can be cocpared. [This procedure has been adopted and^ an integ:^al part jof the ] \ 

proposed te^ procedure for theraal-istora^ e^ices -given in Appendix 3. 

The test procedure is liaited to theraal storage ifefvices ^saat can be isol^ed so that, 
they, have effectively one inlet and orie outlet. The energy of *the fluidT entering and leading * 
the theraal storage un^t can be detemir.ed by caiing appropriate aeas*Areaents* These quantities 
are £hen conpared in oroer to calculate the aaount of ^ergy stored or retrieved during a 
particular t^st; The fluii can be either a liquid or a gas but not a cossbinatioa of the two. 

- % " ♦ • 

The^procec^e a*>^ written in Appendix Btspecifies the apparatus tc be used when a liquid 

or air is to be the transfer fluid. Th^,j£>tailed requireaents of the apparatus are given 
along with specif cat ior£*f or in^trja^ntation tc be ased in neasuring teaperature, teaperature 
difference, ^.i^u^ flo"-' rate, a^-^fiow rate, pressure, pressure drop, tiae, acd'aass. For ^ 
the specification of instruaentation, eaphasis was placed on utilizing existihg;**standards 'ai5i^ 
other nanuals of apceptabl^e practice. The nature "bf the apparaijses and test procedurgKaakes 
^th/t tests ncJ^t feasible for stor^e units havic^ theraal capacities on thd orde^ 1^^ J .-^ 
(iO^ ftu) y less. . . * ' ■ . ' . • ,7 • 

^ . • ; ' • ^ ' • - ^ . ' 

A . • . , ^ \- 

o* - - • 



The series 'of tests that axe to 'be conducted are as foliovs: 

1. One' test to deteraine a heat loss factor for tTae storage unit, 

2« ^ A series, of fotir tests to detemine the reswnse cnaracteristics ol^vthe device to 

a step increase in the entering flui4 tecffiftature (energy addition)^ and 
3. A series of four tests to deteraine^the r«!^cy^e characteristics of the device to . 
« a step d^rease in the entering fluid tenperature ( energy^ vithdraval ) . 

- ' l .. . 

The' beat loss test consists of passing the transfer fluid thro\^h the storage unit 'with 
inlet fluid temperature of 25 above the aabi^ent air te=peratare and after steady- 

state (;o£ditions have been reac.^*ed, iieas-jring the average teaperatoT^difference betveea the 
inlet Sti" outlet fluid tecperatore over a- one hour period. The rate cf ^eat loss is then 
detemined by ^ 



cut ' 



in-W/^C. 

f61Iovin> 



neat -oss test, a series 



eight tests are tc te ccDd^cted in vhich first 



the heat storage capacity ^fz^ tests, as.z then the te^i rso^val capacity (fcur ^ests) are 
to be detenained.. At the beg inning,^ the t nerval .stcrage anit az^i transfer flulS ficvi ng 
through tbe^ device at a spe-cified average =ass flov rat^ are alloved to ccce into ecuilibriu:]|[ 
at soce initial tecperat^e. The tesperat-re cf the tra^fer fluii is then increased by ani 
aaouat At i^ecified "belov^ arc held constant., Tne arojnt cf en ergj' "stored In the device / 
over a certain test tizie ^specif.ei belov, is then aetemined by inoving the heat loss facyor 
and n^ad by .^raiiingaeas-recsents c:* tne entering anc leaving transfer flj.id tecperat^ires vith 
respecV tc ttce. After the exit fl-tli-tenperat^e -reaches an equilib'riira value, the entering 
flziil t'esperature ^s suddenly decreased by the sase it and the amount cf jenergy removed tp 
tSe device over th^ saiie test tiiie is then determined in exactly the sane vay. 



This jcnJcess is repeated Uhree nore tires until all of the fclloving cc&binations bf the 
test ^2r»6 \T } ^t are test^i i ' ' * iL ^ 

T h, h, and At = Ic ^2S.5 6 (1^.^ ®r 1 for storage de-rtces usii^a liquid 

't'ransfer fluid:, and ^ 



= 2 h, ~ a, ani ^-^=3^-^'90 ^?;.^2S (50, 



Storage dericds using air as 



:ihe transfer flun 



^ >'hen fa pease-change type thermal stcrage system Is beir^g tested that has "been designed to be 
* ' '"cbaxged" or '^discharged'* ,cver a specific tine period, this tlse peri^ is as the test., 

^ ♦ti^e/'for- testing in ii^eu of 'the abcVe :^pecif,ied values. 
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Figure 56 Tlie Effect of Simultaneous Variations in I nsolation^Ambient Temperature, and Wind -Sp^ed 
or) the Efficiency Curve for Single- and Double-Glazed Flat-Plate Solar Collectors 
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COMPARISOW OF MEASLfRED AIR MASS « 1.7, 
WITH !VI0OEL%IR-MASS SPECTRAL DISTRIBUTIONS 



SOLAR EXTRATERRESTRIAL SPECTRAbw* 
. DISTRIBUTION • 

MOFFETT FIELD, C/LlFORNIA (AIR MASS '17) 
CLEAR DAY, 10.30AM, IO/3r/69 
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Figure .57 Comparison of Measured (Air Mass ^.h;r7) and Calculated 
^ , Spectral- Distributions of Incident Solar Radiation [98] 
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Figure 59 Absorptivity as a Function. of Wavelengtrh for a Selective Coating [56] 
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Figure 61 Comparison oC CaU'ul.ued Solar»Col li^lor, Efficiency f^^r 
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Figuife 62 Comparison of Calculated Solar Collector Efficiency for 
Direct and 50% Diffuse Solar Radiation with the Sun 40^ 
Off the Collector Normal 
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Figure 63 Normalized Directional Reflectance of Two Types 'of 
Solar Absorber Coatings [98J 
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Figure 61+ Infrared Reflectance of Cobalt Oxide Versus Incident 
Angle [98] / 
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Figurd 66 ReX^tive~Transniih'sion o/ Selected Honeycomb Materials ^ % 
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. Flat-Place Solar Co Hector incorporating a Honeycomb 
Convection Suppressor (17) 
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Efficiency Curves for Three flat-Plate ^olar Collectors Incorporating 
Rectangular Honey.comb Convection Suppressors [l02] \ 
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Figure YD Schematic of a Non-Evacuated Cylindi^ical Liquid-Heating Solar 
Collector (1) ' 
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Figure 7i Efficiency Curves for an Evacuated Cylindrical Liquid- 
Keating Solar Collector with a Selectively -€6ated Absorber 
Determined Using the Indoor Te^t Facility at the NASA 
'Lewis- Research Cente^ [75] 
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Figure 75 ™4«44^1 R^pense Funotion for the Outlet Temperature of a Water Ifank when there is ^Unit 
Step Rise in^ ^hg Inlet Temperature^ • 
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Figure T6 Schematic Representation of the Testing Configuration for 
^ Thermal Storajge Unit when the Driving Force is a Time 
Dependent 'Heat Flux . 
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6. Appendix A 
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Methods of Testing for Rating Solax (^lleci^rs 
Based on Thermal Perfoi:iaance v 



.SECTION 1. PURPOSE 



1.1 The purpose o*f this suandard is zo provide te'st Jtethods for deter- > 
mining the thermal performance of solar collectors which hedz fluids 
and are used 'in syst-ems to provide the thermal requirements for 
heating, cooling, and the generation of domtfestic hot water in buildings, 

• ^ • * ' *v 

SECTION* 2\ SCOPE 
— — * . 

2*1 This standard applies to solar collectors in which 6. fluid enters 
~ the device through a single inlet ^^d leaves* the deyice through a 
single <^atlet. The collector contaifuftg more than^one inl^t and/or 
' " ' outlet can be' tested according^^' this standard provided that t^e. 

extern al piping .car^ be connected in such a 'v^ay as to effectively *' 
provide a single inlet and/or, outlet for the determination of the ^ 
buljy 'properties of the fluid entering and leaving the collector. 
ThW fluid can be either a gas -or liquid bu€ not admixture of the 
t^yb. The/collector can be a concentrating collector proyided thf.t 
rhe -aperture or iriterception area^or ihe device can be determined. 

* The collector may have the capability of rotating so as to track 

* the sun. 

2.2 This standard is not appli'bable to those configurations in which 
^ the flow into the collector and out of the collector ceShot be re- 
duced effectively to one* inlet and one outlets Thi^ standard is iiot 

^ applicable to those collectors in which the thermal storage unit is 
an integral part of the collector such^that ^the collection process 
^' ♦ * and storage process cannot be separated for the purpose of making 
measurements. " ' " • 

• - • \ , • . ' 

2\3 This standard does not address factors relating to cost or considera 
tion of requirements for interfacing with a specific heating and 
V . " " cooling system. * • • 



27h The present version of , the s^ndard provides' test methods for deter- 
. mining the steady-state efficiency qf solar collect9rs. The transient 

response of solar' collectors cannot be dftermined with -the test 
\ methods outlined hez^-ein. ' ' . ^' 
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SECTION '3, DEFINITIONS 
' ' \ t 



A^SIBNT AIR ^ • 

Ambient air is the outdoor *air in the vi'cinity'of the solar collec 
tor being tested, ^ 

ABSORBER ' . • . 

' ' • *■ • ' 

The absorber i^'jihat part of the sol>ar Gollector that receives the 
incident solar r^diartion and transforms it into t^ie j^al energy. 
It IS usually a solid surface through which energy^Bpirartsf er^ed 
to the transfer fluid; .howevjer, the transfer fluid ^^elf could-> 
be the absorber in the case of a "black .liquid". ^ "^^"^ 

APERTURE ^ • 

The aperture i^ the opening or projected area of a solar collector 

through which the unconcentrated solar energy is admitted and^ di- 
rected to the absorber. 

CONCENTRATE^G COLLECTOR ' ^ ^ j , ' 6 

A. concentrating collector is a solar colTectof that ccnntains re- 
flectors, lensfes, ot other ^optical elements to concentrate the en- 
ergy failing on the aperture onto a heat exchanger of Surface area 
smaller tha^ the aperture. 

. /^^ ' ' . ^ ' ' ^ ' 

CONCENTRATOR ^ 

The'concentratot is that part of a concentrating collector whicfi 
directs the incident v^olar radiatioSci onto the absorber. 

COVER PLATE - • 

r 

The cover plate^ designates the diathermanous- material or materials 
covering -the aperture and most directly exposed to the solar 
radiation. ^These materials are generally used to reduce the heat 
loss from the absorber^ to the surroundings and to protect' the 
absorbrer.^ - ^ • * * 

FLAT-PLATE COLL^TORj i ^ . , * ^ / -'"^ . 

.A flat-plate collector is a solar collector 'in wh^-ci^-^fche solid 
g^rface absorbing the incident solar radiation is^esseiatially. 
flat and employs no concentration. ^ * ' . ' * • 
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GROSS CROSS-SECTIONAL AREA 



Gross, cross-sectional air^a is the Overall or outside, area of a 
flat-plate collector. It is usually, slightly larger^ than the ab- 
sorber area since it includes the framework requi;:ed to hoid the 
absorber. ' 
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INCIDENT ANGLE 



The incident anglp is the angle ijetween the sun's rays and tTie out- 
ward drawn normal ^from the solar colTector. 



3.10 INSOLATION 



Insolation is the rate of^olar radiation received by a unit sur- 
face area in unit time (W/m^ , Btu/ (h • ft^)).. 



3.11 INSTANTANEOUS EFFICIENCY 



The instantaneous efficiency of a solaV collector is defined' as' 
the amount^^pf energy, removed by the transfer fluid per unit of 
transparent frontal a'rea over a given 15 minu^te period divided 
by the total incident solar radiation onto^ the collector per unit 
area for the 15 minute period. * * ^ ^ 



3 , 12 INTEGRATED AVERAGE INSOLATION. 



The^ integrated' average insp^iation is the tot^l energy per unit area 
received by a ^surface for a^pecified time peripd divided by the 
time pel^iod (W/fn^^ Btu/(h -ft^)). 



3;13-i. . PYRANOMETER 
^ ' — — 



\ 



A pyranometer is a radiometer use4 to measure the total itlcident 
'.solar energy per unit time ger unit area upon a surface which in- 



eludes. the beam radiation from the sun, Jtfie* diffuse* radiation from 
the sky,/and the shortwave radiation reflected from the foreground* 



.3.14 ^ PYRH6LI0METER 



I * ' I' ' • , . I 

A .pyrheliometer- is a^ radiometer used ^to measure the direct or^beam 

radiation on a surface normal to ttie.sun*s rays;' * 



c 




* 

139-^ 



L 



.15 QUASISTEADY 

* • * 

Quasisteady is the term used in this document to desetibe the. state 
of the solar collector test when the flow rate and temperature of 
the fluid entering the collector is const.ant but the exit fluid 
, temperature changes "gradually'' due to the normal change in inso- 
4ati§n that occurs with time for clear sky conditions. ^ 

* • ■ * ■ 

1.16 SOLAR COLLECTOR • " . • 

A sqlar collectoij is a device designed^ to absorb incident solar 
radiation and to (transfer the energy to a fluid passing in contacC\ 
with it. \. ' ' ' « 

\ : ■ 

Kl7 TOTAL INCIDENT-^SOIATION \ • ^ 

' Total incident insolation fs the total en^^r received by a 'unit 
.surface area for a specified' time period (J/m^). ^ 



3. IS, TRANSFER FLUID 

ttfe 



The transfer flui,d is the medium such as air, water^> or otner fluid 
which passesJbhrpugh or in contact with-the solar collector j||d 
carries the thermal energy away from the collector. • 



3*19 TRANSPARENT FRONTAL AREA , 

~^ — u • * 

The /transparent frontalf area is the area of , the transparen*t frontal 
surface for 'flat-plate collector^. 

3.20 STANDARD AIR ^ , • * - ' 

' - 'V ^ 3 ' * 3 • * 

Standard |^ir is air weighing 1.2 kg/m (0.075 lb/ft..-), and is ' . 
equivalent in de'nsity to dry air at a temperature of 2iri^C^(70^) 
« and a barometric , pressure of^d.Ol x io5 N/in^^(29^92 ia of Hg) 

-3.21 •SriigDARD BAROMETRI C PRESSURE \ . • ' ^ ^ - . 

l.Oj. X 105 N/m2 (29.92 in^. of Hg)' \ , ■■ ■ 



. SECTION 4-. CLACStlFICATIONS » . ^ 

U^f^ Sola* collectors may be classifieds accordin&3o their collectUig 
characteristics ^ the. way in which they are mount^'d, ^and the^ type, , 
of-,transfer%luid 'they* employ. 



4\l,i Collecting Character istics >^ A ^fKm<;concent rating or '"flat - 
plate" colleQtor is one in which theXabsbrbing surface for 
, solar radiation Is essentially flat with no means for con- 
centrating the incoming solar radiation, A concentrating 
or "focusing" collectcrr is one which usually^c^jjptains^^re-r-^ 
• Electors or employs other optical mq;ans to concentrate the 
energy falling on ^h^ aperture onto a heat exchanger of 
''^surface area smaller than the aperture, • 

4.,1.2 Mounting. ! A collector G<an be mounted to remain stationary, 

be adjustable As to tilt anglp (measured from th^ horizontal) 
"•to follow the change in solar declination, or ,be designed 
track the sun. Tracking is done by employin^either an 
equatorial mount or an. altazimuth mounting, for tt^ purpose 
of increasing the absorpti^n^f the ^da'ily solar irradlati<5n. 

4.1,3 Type 'Of Vluid . *A collector will usually use either a liq- ^ 
uid or a gas aarthe transfer fluid. The most common liq- 
. uids are watep^or a vjater-ethy len^ glycol Solution. The 
* ' most common gas xs air, - ^ 



SECTION 5. REXjUIREMENTS ^ * 



Solar cpi lectors shall be tested for rating in accordance with the 
provisions set forth below and in Section 8. 



5.1.1 The size of collector tested shall be large enough so that 
' the performance cha^racteriscics deteigmined will be ind^a- 
tive of those that would occur when the collector is part 
•of an installed system. If the colleo<tor is modular and 
tKe test is being' done^ pn one module, it '^ouLd be^ounted 
and insulated in such ^way that the back and edge losses 
will be charact^eristic of Chose that will occur during op- 
eration on a structure. ' \ 



5-.1.2 'The collector shaTl\e mounted in a location such J: hat there' 
' will be.no significant energy reflect'fed or reradiated onto 

the collector from sur»^ound ^-"8 buildings d? any othei^ ?urr - , 
V faces in the vicinity, of the test- stand for the 'duration . , 
-o^ the teSt(s). jfils will be satisfied if the ground and 
immediately adjacent surfaces ate' diffuse With a reflec- • . 
tance of less than 0.20. If significant re^Tection^i^l 
" occur, provision- shall be.made to shieid^e collector by^;^ 
the use of ,a non-.r^flect:iA shield. In addition', the tes«- / 
« stand shali be located so. t\at a shad^ will nbt be cast I 

onto the collector at any tirhe; during the test Y'eriod ..^/f . . 

■ ' • - 1- ■ " ■' • ' 



5*1.3 The test(s)- shall be. conducted on days having weather ^on- 
^ . ditlons'such that the 15 minute integrated average insola- 
- ' - tion treasured in the plane of the collector or aperture, 

reported, and used for the computation of instantaneous . - 
. efficiency values shall -be ^a'^ minimum^ o^ '630 t^/m (199.8* Btu/ ( 
h*ft^)). -Specific values- that can be exipected for clear sky 
^ conditions are showfT in, Tafeles Al through A6 taken from 

reference [1]. More accurate estimates, can be made using 
^ - ' . -the tabfes in co^l^unttion witt\ clearness number's*. 

5.1.4 The orientation of the collector shall be such that the in- 
cident angle (measured from the normal to the co-llectot 
surface or apertvre) is less than 45"" duiCLng- the .period in^ 
which test data is being 'taken, ^^ngles of incidence can be 
estimated from Tables A7 through A12 taken from reference 
[2J . More accurate estimates can be made using the^proce- 
dures outlined in references [31, p. 393 or [4] , pp. 283- 

\ 292. , V . , ^ . 

5.1.5 The' air vel«>city across the* col lector is-u/f ace ojf.a flat- 
plate collector or aperture of a concentrating collector , 
during the test(s) shall be measured/^- The measuremej^shall 
be made at a distdnce*of approximately (3.3*ft) Erom fhe 
collector along the "direction^ it faces an4 at a .hei^t cor- 
responding!, to the center of the. coliector^pa^el . 



The/ran^- of ambient temperatures' ?or all reporte^ t^t 
points ciWnprising the "efiiciency curve" shall be' f?ss t 
30°C (54°F). ' * ^ - rr • : 



5.1.7 The transfer fliiid useH ifi' the so la^col lector shSl'^^haye 
a known specif ic heat which yarie||K^ less than 0.5% Qver 
* ^ the temperature range of rthe ^^0^ during, a particular 15 
.^inute test period.*- . 'y\ ^ . ' ^ 



SECTION 6. 'iNSTRDMENTAilON 



r SOLAR RADIATION MEASlkSMENT ' ' 



»1.1 A pyrariometer shall be u^ed to measure 'the total short-wave 
radiation -frpin >oth''the\sun and J:^ sky. The; Instrument . 
'shall haye':.ai'e' following characte?;^istics [5t": 



\ 



1 ^ 




6.1.1-1 Change of Response Due to Variation in Ambient Tem- 
perature > The instrument .shall either be equipped 
, ' with k-.buil't-in temperature compensation circuity, 
' ^ and have a temperature sensitivity of less than, ^ 
+ 1 percent over the range of ambient temperature 
encountered, (during the test(s) or have been .tested 
in a temperature-controlled chamber over the same 
temperature range, so that its temperature coef'fi- 
cient has been determined in accordance^with reJEer- 
[5]. ^ ^ 

6.1.1-2 Variation in Special ^sponse . Errors cJhised by 
a departure fjrom/the AqtHrred spectral response of 
the sensor shall\not ^eed +2 *perce*nt over the 
range' of interest 

* '6.1.1-3 Nonlinearitv of Response . Unless the pyranometer 

> was supplied with a calibrttion curve ^relating the 

' ' output to the insolation, its response" shall be 

* . within ±1 percent of being li^ar over the range 

of insolation existing during^the te^^^s... 

\ , . ..--^ . 

6.1 •1.4 Time Response of Pyranometer . The time constant^ 
of tfre. pyranometer shall b^^ less than -5 s. 



/. 6.-1.1.5 Variation of Respons e With Attitude. The caiibrar: 

' ' - * ^ tion-^factor of a np^ranometer can change when the 

• instrument is used in 'other than the orientation ^ 
\ ■ ^ for which it was calibrated.^ the instruments' 

. * calibration factor -X-ipcluding corr&tions> shall 

ciiange less than 015 jf)ercent compared with the 
calibrated orientation when placed in the orienta- 
tion u^ed during the l?est(s). 

. ^' 6.1.1.6 Variation x>f Response With Angle c/f Inci-den'ge . . 
^ ^ . ♦ Ideally the response of the receiver is propor- / 

tiohai'to the 'co&'ine of the zenit.h angle of the y 
' solar b^am a^d it constant at all^azimuth angles. 
' - The pyrano'met6r *s deviation from a true cosine 
/response -shall be^less than 1 percent for the 
- incident angles .encodntered"^ during the te"st,£s). v 



4 



* Pyranometer.' thermopiles which are "^3,1 bl^k" and which are coated with 

Person's black qr *3M lOlClO ^velvet black paint and which have select.ed 

v# optical grade' hemispheres usually satiafy this requirement [5]. Note: 

# ' Tj^-.*.-. r.'^^*.,-^^ commercial mat-trials does not imply recpmmendatioa-^dr 

» \ « 

e^ational <3iireau of Standards.. ' 
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endorsement by the^ 
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- 6 •1.2 The pyranometer sharll be calibri^ted within six months of 

the collector test(s) against other pyranometers whose cal- 
. ' ibration uncertainty .relative to recognized measurement 

standards" is known*. 

/ • ■ -■ ■ ' ' 

6.2 ' TEMPERATURE MEASUREMENTS . ' - ^ 

' 6-2.1 Temperatui:e measurements shall 'be made in accordance with \ 
ASHRAE Standard 41^-66, Part 1 [6]^. 

6, 2 '.2 ^Temperature Difference Measurements Across the Solar Col-/ 
lector. *The temperature difference of the -transfer fluiA 
. Si-. * across the solar collector shall be measured with: 
• • • 

a. Thermopile (air or« water as the transfer flui^) , 

b. Calibrated, resistance thermometers connected Vn 
two arm.s.of a bridge -circuit (only when a Liquj^ 



is the transfer fluid) 



"1 



6.2 .3 ^ The -accuracy -and precision^of the instruments and^their 

*: associated readout devices shall he- wj. thin the^ limits aa 
• follows : ' * ^ . 




^ \<TTr« t r ume n t ~ Acc ur acy* " Ins t r ume ntf'^Pr e c i s i-ou*'^''' 

Tei^^erature ■ ^'0.pC -C+ Q.S^F) « ^. 0.2OC (+ O.40F) 

Temper at ur,e + 0.l'<^ {+ O'.IOF) ^ + O.l ^C •(+ 0.2 °F)' 

Difference ' ' ' 



S)nfe.-hatlonaUy 'recognizee li^^braLioR center Is the Epp.ley Laboratory 

in Newport, Rhode' Islancf:->>p6, c^tii'^at ion d^ta^re commonly expressed 
• in*cal/(m^- min) or in la^oysXiift. ..lii some iMteorological services, 
caiibratxoh dataware supp^J^^^^P^ill^^/cm- . The following equiva- 
lent uilit'S sh-all be urioa:v >- ' . . " * . " ~ 

■ . -1 cal/(cm2.mInV=- i' iy^^J .miMk-^lx^^.^ - . . 

. . ■ i mW/cm^^= O.i Mlxif / ; ]|'' • .- •' ''f \^ '^ 

' , , ■ ».• ••= 4 ■■ K 

* The abili-ty o,f the instrum^Tit to^i?ndi-c,atreVtbe true value of the rnea- 
^ sur^rf quaniitAT. - ^ -''y^Jt^^f v • - y ^ * 

Closeness of agreement among repeated meaiurejaents of the same physi-' 
cal quantity. ^ .,^r*^i^ • , ' * 
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3.2.4 In no case should the smallest scale division of the instru-^ 

meat or instrument system exceed '2 172^ tim'eVthe specified ^ 
• precision. For exainple, if the specified precision* is +. 

0.1^ (+ 0.2'^'), the smallest scale division shall no exceed 
0.25^ To. 5^). . - ^ ^ 

,The instruments ^shall be configured a^ use^ in accordance 
with Section 7. of this stariSiard. 

When Using, thermopiles^ they shall J)e constructed in acc'or-^ 
■Jance with' ANSI Standard C96 . l-196<v'(R 1969r[7]. ^ 

LIoftlD FLOW measurements' ^ 9 ^ 

6 3 1 The accuracy of the liquid flow rate measurement using the. 

calibration, if f urijished_^shall be-equal to or better than 

+ 1.0% of the measured vafue. '■^ 

■ ' \ ' - . 

TNTT-r.R-ATnRS ANB RECORDERS ^ t . '/* 




6.4.1^ Strip chart recorders used shall hav? an accuracy equal to 
' * or better than + 0.5% of the temperatuF9|dif ^rei^ce and/or^ 
■ voltage measured and hava a time constanT of Is or less. 
, , ' ' ' • I* ■ ' • ^ 

}(lA,2 Electronic integrators used shsrll have an accuracy- equal" ■' 
j to' or better than + 1.0% of J;;he measured value. 

MR FLOW MEASUREMENTS ] 

When air is used as the, transfer fluid, air flow rate shall be de- 
termined as d6scribe3 in Section 7* ^ * - ; 

PRESSURE MEASUREMENTS 

6.6.1 Nozzle Throat Pressure . The pressure measurement at the 
nozz-le throat shall 'be TTlS^e with instruments which shall 
♦ permit measurements of pressure to withit\ + 2.0% absolute 
and^whose smallest » scale division shall not exceed 2 1/2 
times the specif ied accuracy 11] . « \ 

■ " - ' ' \ 




6*6.2 Air Flow Measurements s . The static pressure across the noz- 

zie and the velocity pressure at the nozzle thraat ^hall be 

measured with manometers which have been cali^ated to have 
an accuracy to within + 1.0% of the rP^Hlno/ The smaUesr 
manome^r scale division shall not exceed 2.0% of thp read*- 
ing Uil. 

6 .6 ,3 Pressure Drop Across Collector . The static pressure drop 

across" the solar coI,Iect-€a; shall be measured with a manome- 
♦ ter 'having ^n accuracy of 2.4-9 N/m^ (O.Oi in., of water )^ 



Jim AN^ iMASS MEAS UREMENTS^ 
nts ' < 

curacy of ^+ 0.20% [11 J . 



Time measurements ^ and ijiass measurements 9^11 l/e made to an 

V 



\ 



WIND VELOCITYs> 



The wind velocity shall be measured with an instrumerit^nd associ-* 
ated readout device that can determine the integVate^i av^i^a^ winc^ 
velocity for each TS minute test period to an accuracy of !+ 0.08 • 
m/s?^fl:8 mph). ' . ^ ■ ^ 



i — ^ 
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SECTION 7 . APPARATUS AND METHOD OF TESTING 

T ' ^ ~ ' ' ' ' 

.1 LIQUID AS THE TRANSFER FLUID , - • ^. ^ - * ' 

^ «• /'"''^ ' 

Tfie test- configuration for the solar collector employing ^l^^^uid. as 
the transfer flUid is showji inlfigur'fe Al-' . * ,i 

7.1.1 -Solar Collector . The'solar collector- shcmld bevmounted tri 
its^rigid frame a't the pr-^de^^rmined tilt angle^ (.for sta-^ 
tionary collectors) op^movable' fr-ame (figr movable' col lec*- 
' tors) and 'anchored' rigidly enough to' a-Coundation sV that ' 
the collector can hold it§ s^le'cte^Jangular position^gainst 
j^^.&4i^£4^g gust of wind. ' ' ' ; . /\ ' 

^7.1.2 Ambient Temperature . The ambient temperature* sensor "shall 
•/.^e housed in a well-ventilat^e^ instrumentation shelter with 
r ' /its bottom 1.25 m (4.1 ft^ above the grc)und and with its 

* ' door facing north, so .tfiat 'the i^un's direct beam ,cannbt f^ll 

% ' ufpop the sensot wherf ^he debr is opened. The ins-trument ; 
>^ ' shelter .shall b^ painted whit^, outside and shall' nor be, • 
clbser to any obstruction than twice the height of the ob- 
struction itseii- (i.e., trees, fences, bui4.d*a'gs etc . ) 

_ [15]. '.'^ ■ 

7.1.3 Pvranometer >, ,...J;Phg"'^ranometer shall be mounted oiTN;he sur- 

fapa-parfallel tjo the, collector surface in such a ma^er that, 
it does not cast 'a shadow onto the collector; plate . Precau^-^ 
tion? sljould be^-adways tak^ »to avoid subject^ing the Instru-* 
m^nt to mechanical shocks or vibration during, the 'installa- 
tion. The pyranomet'er should be oriented ^^5 tha,t the eiT;erg*-. 
ing leads/ or the connector are located ^nosrth of the receiv- 



ing surface (in thd Nojcthern Hemisphere) "ci£ are in some otji 
^anngr shaded. ^ This- nii^miz^haat ing of We electricaV^o 
nectiohs by the sun. ^ 




er; 
'con- 



Care should'also b'^aken to mininu-ze ref leq^e^d and reradiated 
energy/from the ^soflb'-collector ant6^.th6 pyrariomefi^r . . Some* 
pytapometers come ^^Bplied j^ith shields.^ . "^hls ghoul,d« be 
adjusted sorthat -tlW^higheslf ijcint on the '|hleld lies paral- 
lel 'to- and Just J?fe-lpw the plane qf the thei:^opile. ^Some <j • / ^ 
- pyranometers not supplied wibhr^a shield. be susceptible. 
y to errer due to r^eflections fc^ radiation *?:hat' qriginatos'^ 
below the plane ' of "th^ thfermopile. Precautions cait be , 
taken by constructing a cylindrical shield ^ .the t^p of which. 
0^ should be coplaner with the, fchennopile [5]<. ^ " j 



The rec!«^|mended apparatus consists.,of a closed.jl6op configuration.' An 
^open loop* configuration is an acceptable ^al.tejrhative proy^ided'" that th^ 
rest conditions specified* herein can be satfs^d,ed:,,^ ^^ ^ , 
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7.1.4 Temperature Measurement Across the Solar Collector . " The ' 
^ temperature difference »of the transfer 'fluid between enter- 
^ • ' ' ing and leaving the solar collector shall be measured using ^' 

- Either two calibrated resis,t.ince "thermometers connected in 
two arras of a bridge or a thermopile made from calibrated, 
type T thermocouple wire all taken from a single spool. The 
thermopile shall contain any even number of junctions con- 
^ structed- according to the recommendat ions. i*n Reference [7]. 
p.^jk, * • Each resistance thermome.ter or ^each end of,.the thermopile 

,y ' . ^ if" CO /inserted ^into a well .[,8] located' as shown in Figure , 

Ai. '^To insure good thermal contact, the wells shall be filled 
with light oil*. The wells should be located just downstream 
of a right angle bend to insure proper mixing [6], 

/ To minimize temperature mt-asuremen t error, each pYobe should 

^ oe IjL'ated close as possible to the inlet or outlet of 

th^ solar collector device. In add^^ition^ the piping between 
the wells and the .collector shall be insulated in such a, 
manner uiat the calculated l^eit loss or gain from the ambi- 
^^\^ air would not cause a temperature change for tiny test 
of mo?e than 0.05^0 (0.09^^^) between each well adh t\\e col- ^-l 
lector. , ' ^ 

* 

7-1.5 .Additional Temperature Measurements . Tge temperature of the 
transfer fluid at the two po'sition^ cifed above sh^rll ^Ise- - 
•be measured by inserting appropriate sensors into the wells. * . 
Reference {6] sholrld be followed in making these measuremerlt?. 

^•1-6 Presst?fe Drop Across the Solar Collector . The pressure dTop • 

across the soiar coiieccpr shall: be measured i|3,ing static 

pressure tap- holes and a maaom'eter. The edges of the holes 
on the iffside surface of the pipe should'be free of burrs 
and should be as small as practicable and not exceeding 
1.6 mm (1/16 inch) diameter [12]. The thickness of the • 
pipe wall should be 2 1/2 times the hole diameter [12]. 

7-1-7 Reconditioning Apparatus . As sRown in FigUre Al, a heat 
ejcch^nger is used to _cool- .the transfejti fluid to simulate 
the building' load ao^ an adjustable electric resistance 
heater is used to control the ialet' temperature to the 
prescribed test value. This conibiftation of* equipment or — ^ 
equivalent shall control the temperatur^e of the fluid en- , 
.tering the solar collector to* withi,n + '0.50C (£ 0.9^) 
" at all times during the tests. ; 

' • . {' " * ' ■ * 

7.1.8 Additional Equipment . ^ pressure gaiigfe, a jJump, kx\A a means 
of adjusting the flow rate of 'the trankfer fluid shall be 
. provided at the relative locations shoLi in Figure Al. De- 
pending' upon the test .apparatus. desigil, 'an additional throt- 
tle valve may be required in tjnd line. jjust preceding the 
solar collector -for proper control, /h expansion tank and 
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I ; • . 

a pressure re lief* val>^e sHould be installed to allcjw the 
transfer f Laird to fr^se ly /expand and contract in the appara- 
tus*. ^I^^ddition*, /fi Iters should be installed within/ t^lie 
apparatus as well ak a sight glass to insure that ^h^ /trans- 
fer fluid passing through the ;:ollector is free of contami- 
nant including aivr bubbles. 



7-2 AIR AS TH£ -TRAiNSFER FLUI 

The test conf igurat ion 
transfer fluid is shown 



7.2.1 Solar Collector. 



or the solar collector employing aix 
in Figure A2** . \ , 



as the- 



The solar collector should be mqjunted in 

its rigid frame tit .the predet'ermined; ti It angle (fori sta- 
tionary^ collectors) or movable frame (fop movable cqllec- 
tors) and ancnor^d rigidly enough to a foundation so that 
th^ collector cai^ ^old its selected- angular position against 
a scfong gU3t of >^ind. 



7.2 ►I * Ambient ^Temperature . The ambient temperature sensJr $hall > 
be Hou3ed in a we i L-vent i l^t^d instrumentat ion 'shelter with 
\its bottom K25 m \(4^1 ft) above ^the ground and wi^h its 
door facing north, \so that the sun.'s direct beam dannot fall 
upon. the sensot when the door is opened. The instrument 
shelter shall ,b^ pai^nted, white outside and shall fcot be . 
closer to any obstruct ion than twice the height i^^he ob.- 
strux:tion itself (i.e», trees, fences, buildings^ etc.O 



7.2^3 rvranometer . The pyranometer shall be moOJited fon the sur- 
face parallel to the collector surface in sue h/a^ manner 
tnat it does not cast a shadow onto the colleAor plate. 
Precautions shbuld be always taken to a^id subjecting the 

>trjLiment to mechanical shocks or vibrat ion /during the in- 
stallation. The pyranometer should be oriedced so that the 
emerging leads or the connector are located /north of the 
receiving surface (in ttie Nort'hern Hemisph^e) or are in 
somd other manner shaded.' This minimises 
elecki?ical connect ions ' by the sun. 



V 



(eating of the 
k 



Figure Al should not 6e interpreted to mean that twe relief val^e and 
expansion tank necessarily be located below the solar col.lector. 



-k-k 



'The riec?ommended apparatus consists of a closed loop configuration. An 
open loop configuration is an acceptable alternative provided that the 
test conditions -specified herein can be satisfied. 



ERIC 



1U9 



1 Q"* 



Care should also, be taken Co minimize^ ref lecCed and reradiatej^ 
energy from tl^e solar collecCoc qnCo the pyranomeCer . Some 
pyranomecers^ come supplied with shield^. This should be 
''adjusted to 'be parallel to and -to lie just below the plane 
•o^ the thermQpile. Some pyranometers not supplied with 
a^ shield may be susceptible to error due to reflections by 
radiation that originates below the ptane of the thermopile. 
Precautions x:an be takeh by constructing a cylindrical shield, 
' ^ Che top of which .should ^be coplaner with the thermopile [-5] . 

' * % • ' • ? ' ; 

7^2.4 Test Ducts . The air ialet. duct, between the air flow mea- 
'suring apparatus and the solar collector, shall have the 
same cross-^sectional dimensions as the inlet manifold to 
.the, ^olar collector. The air outlet duct , ^ between the^4o- 
lar collector and. the reconditioning apparatus, shall have 
the 'same cross-sectional dimensions ^ the o\itlet manifold 
from the solar collector*. 

7.2.5 /Temperatare Measurement Across the Solar Collector . A ther- • 
mopile shall be used to measure the -difference between the 
inlet air tempefateure and outlet air temperature o^f the so- 
lar collector. It shall be constructed from calibrated 
type T thermocouple wire all taken from a single spool. 
Np >*xtension wires are' to be used in either its fabrication oV 
installation. The wire dUameter must be no larger than 0.51mm 
(24 AWG) an4 the thermopile shalL'be fabricated as sho\>m in 
Figure A3> There shall be a minimum of six junctions in the 
air inlet test duct and six junctions in the air outlet test 
duct. These junctions shall be Iqcated at the center of ' 
equal cross-sectional arects.; , . 1 

During ail tests^ the variation in temperature at a given 
cro3s section of the air inlet and air outlet test ducts ' 
^ shall be le^ss than + O.S^C (j: 6".9°F). at the location of t;he 
thermopile junctions^. The variation shall be checked prior 
, to testing utilizing instrumentation and procedures outlined 
in reference [6]. If the variation exceeds the limits above, • 
mixing devices shall be jjnstalled to achiev^ this degree 
of temperature uniformity. Reference [16] ^discusses the ! 
positioning and performance of several types of air mixerW. 

•* ^ The ends of the thermopile should be located as near as pos- 
sible to* the inlet and outlet of the solar collector. The 
air inlet and Air outlet' ducts shall be insulated in such -a 
manner that Che calculated heSt loss or gain , to or from the 
. ^ ambient air would not cause a temperature change for any test . 



The performance, pfipir heaters is expected" tp"b'e a^ected by the duct- 
work eritering and leaving the solar collector considerably more so tj:ian 
in the case of solar cdileators using a liquid as ^the transfer fluid. 



150 



of more- than O.05^ (0.09^) between ^the temperature mea- 
^suring locations and" the collector. , ; ^ . 

> 

Temperature Measurements . Sensors ^pd read-jbttt devices 
meeting the accuracy requii^ments of Section 6. and giving 
a Continuous reading shall fee useii to' measure the temp^era^ 
'ture at the locations in the air injet arid ai^r^mttlet ducts 
sKown in Figure A2 . Reference [6j shouy be followed in 

making 'these measurements. • ^ . 

^ \ * > * * , 

Ducjc Pressure Measurements . Ttfe static presfsure drOfJ across/ 
the ' solar collector shall be measured using a manometer as'', 
shown in Figures A2 and A4 fll].*' Each sid<^ of the manometer 
shall be connected to' four externally manifolded pressure * 
taps on the air inlet and air Outlet ducts. I'he pressure 
taps should consist of 6.4*mm (1/4 ^inch) nipples* soldered 
to th^ ^uet and centered over 1 ij^m (0.040 inch') diameter holei 
The edges of these holes on the inside s^irfaces of the ducts • 
'should be -free of burrs and other s.iirf ace ^itregularities fl2], 

• • • » ♦ 

Air Flow Measuring Apparatus . Where the air flow rate is 
sufficiently lar;ge , it shall be measured With the noz^l^jfC^ 
apparatus discussed, in Section 7. of reference [11} . , ^s 
shown in Figure A5 , . this apparatus consists basixally of . 

fecei\^ng chamber, ^ a discharge chamber and an vair flow 
measuring *nozzle. The distance frdm the center 6f t,he noz- 
«le to the side^ walls shall not be less th'an 1 1/2 times 
the nozzle throat diameter, and the diffusion baffles shall 
be installed in the reiceiv^ng chamber at least 1 lV2 mozzle • 
throat diameters upstream of the*nazzle and 2 1/2 nozzle 
tnroat diameters downstream of the nd^zle. The^ apparatus , V 
should be designed so that the nozzle can be easily chang,ed^ 
and the nozzle used on each test shall ^ selected so that 
the throat velocity is between 15^ m/s (2960 fpm-) and 35 m/s , 
(6900 fpm)» When nozzles /ar4^*^nstructed In accordance-yith^ 
Figure A6 and' installed fn accordance with SecXion 7.2.9 of | 
this Standard, the discharge coefficient may be assumed ^to 
be as follows: / ' - . " , 



'Re*yn6l'ds / Coefficient 

• Number, . . of Discharge, 



^Re 



20,000 



0.96 



50,000 . ■ 0.97 
100,000 - , - * . 0 98 • 

150,000 , ' _ 0 98 

• 200,000-/ * / - '0 99 

250,000' • 0*99 ' 

300,00'0 ■ ' 0 99 

400,000 0*99 ^ - 

500,000 ' • o!99 

If. the throa^t diameter of the nozzle is 0.13 m (5 in.) or 
larger, ^the discharge coefficient may be assucied to be 0.99 
For nozzles Smaller than 0.05 m (2 in.) and where a qor^ pre- 
cise discharge coefficient than given above is desired, the 
nozzle sh-ould be calibMced. The area , of the nozzle ^hall 
; be- determined by me^rin^..^Us diameter to an accuracy of^ 
. + 0.2 0% in^four ^-fces approximately 45 degrees apart Around 
. the nozzle in^ch of two planes 'through the nozzle throat, 
one^at the_^tlet and rhe older in the straight section near - 
the radius [ UJ ; . ' , 

Whete the nozzle apparatus is used' an exhaust fan capable 
o? providing the desired flow rates through the solar col- ' 
lector shall be installed in the end wall "of the discharge _ 
chamber- rather than separate from' the air flow measuring 
apparatus as shown in FigurS A2 The dry and wet bulb tem- 
perature of the air entering t,he npz'zle shall be measured 
in accordance with reference [6]>. The velocity of th^s air 
passing through the nozzle shall be. detormiiTed by either 

.mea&uriW the velocity head by means of .a cbmmerciAlly 
available pitot tube- or by measuring the static pressure 
drop acrolss. the nozzle with a manometer. ' If the latter 
method is u^fe , one end of the manometer shall be connected 
to a static Vessure tap located flush with the inner wall 
bf the discha^e chamber-, or preferably, seVer^l- taps in 

<each chamber should be manifolded to a single manometer. ' 
A mek^^s shall also be provided for measuring the absolute * 

■pressure- .of the air 'in , the nozzle throat. 

Where' the aiT flow ratp i-s sufficiently small so that a^ 
nozzle constructed and 'install^d^ in accordance with the re- 
quii^ements above y.Quld have a throat diameter of smaller 
than 0.025 m- (1 -iMA,- the above conf igura,tion should not be 
used and the air felow hieasuring apparatus as shown in Fi-g- 



lire A2 'should consist of a calibratejd flow erement* where 
a*t least 10 pipe diameters of upstream and- downstream\pipe * 
sectibu.have been inaluded in the ca libra t ion*''^ ♦ 



7. 2,9 Air .L*eakage > Air, leakage through the air -flow measuring 
* , apparatus, air inlet test duct*, thu. solar collector and the 
*' air outlet test duct shall not exceed + 1.0% of the measured^ 

air flow. ^ ' ^ *. • . ■ 



,7-72.10 Aij: Reconditioning Apparatus . The reconditioning apparatus 
shall control .the c^^y .bulb temperature of the transfer medi- 
um entering th^ soi^r* coHectbr tt) within + LO^C (+ I.80F) 

.* of th^ desired test values at all times during the* tests. 

Its heating and cooiing capacity shall be selected s6. that 

^ ' • dry 'l?ulb temperature^ of the air entering the reconditioning 
apparatus may be raised or lowered the required amounts to 
meet the appliAble' test <:onditions in Section 8. / 
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SECTION g. TEST PROCEDURE AND CALCULATIONS 



8.1 GENERAL 



The performance of the solar collector is*,determined by obtaining 
values, of. instantaneous efS^i*ency for a large combination of val- 
^ ues of -jtucident insolation^ ambient temperature, and inlet fluid 
temperature'. ^This requires exp'ferimentally measuring the^rate of 
incident solaiT r:adiat lon.orito the solar collector as well as the 
rate ,Q.f energy ^addition to the transfer fluid as it passes through 
the collector, all under quasi-steady conditions. 

8'.2 INS TANTANEOUS EFFICIENCY <, ' ' / . 

• Itj^as been shown ^nd disctfssed by a number 'of investigators (17, 
48, 19^Qnd/20] t\\at uhe performance of flat plate solar ,co 1 lector 
oper^tting junder steady^ conditians can be successfully described 
by the following relationship* ' 



Usually an orifice,* venturi, or flow nozzle. 

For small flow elements, the disqharge coefficients associated with 
elements varies considerably from those associated with the larger 
ele^e'li^s^.. In addVtiori, for small pipe or diyict sizes, the ratio of 
"pipk cir^rumferenc^ to pip6\area becomes large and^-the characteristics 
o*f the upstrb^m arjd dov^nstre^m 'pipe sections affect the behavior of 
^the e^ment it\ei6. / 
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= I (la) r U- (CY - c' ) 
A * 'e L- . p a 



. (1)' 
4 



A very similar equation dan fee used to desclribe , the perfQxraance 
of coticentrating collectors [21^ 22 and 23].. Equation (1) Ije- 
tbmes modified as. follows [21] : . • . , 



— - I (Ta)g p V ■> 



a . 



(2) 



To assist in -obtaining c etailed ii^format i,G>^bout the performance 
of cpliect?ors and' to prevent the necessity of determining some 
averagt^ surface temf^eracure , 'it^ h'hs b'een convenient ^to introduce 
a pa^ame•^:er \r/here 



\ 



_ actual usefUiLL"^energy collected 

7 useful efierffi^ ^ollectea if the 

^ entire Qollacbo'r surface were 

at 'the avQrage .fluid tempera- • 

ture . 



Introducing 'Uhis factor inU) equation' (1) results in 



-A 



^ = F' 



' ' /t " 4- t ' ^' 

I (xal^U \ ^,i • £,e- ^ ^ j 

' ' 2 , \, * a'- 



If the solar* collector eMiciency can be defined -as 



(3)' 



actual useful energy collected 



solar energy incident upon on* 
intercepted by the colljector 



or .in* equation form 
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• q /A 

' u 



<4) 



thfen the efficieftcy of the fl^t-plate collectpr is given by: 



186 
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Tl - F' Jta)^ - F' - 2' ^ ^ (5) 



•Equat^ion ' (5) indicatje^ that'.if the- efficiency is plotte^ against 
an appropriate ^a ;Straigh't litie wili- result where th4 slope-is 
some ^function of and, the y'lnt^rcept is some function\o£ (xa) • 
In reality Ul i.s not a constant but rather ^"function of the tem-,' 
perature of the cQllector and of the- ambient weather , conditions 
tn addition, the- product ^Cia)-^ varies wi;i:h incident angle to the 
collector* , ^ [ ^ . \' 

»Th*e procedlire^ outlined in this (document have beeii developed in 
an attempt to control 'tt)^* tesC cenditions so'that aiWell defined 
efficieticy "curve-" canr be' abtaine^d with a mnimnm qI scatter. 
Figure A7 shows .typjlcfal test results taken from l*feference [24] 
for two fiatrplat(** co3J.ectors using air as the transfer fluid.- 
The 'CO lie c*t or t^sts were/ conSucCed outside and the scatter 'about 

apart from experi- 
, account of the variations* 



"tJa'e two lines '^n each figure ^indicate^ 
pnental errors, the order of variation on a( 

I'll heat, loss coefficient , and the parameter F' due to varia- *- - 
* tions in ambient wind speed and -sky temperatures". Figure AlO was 
^ta*kei\ from reference* [25] and'is for a flat-plate collector, us ing^ • 
' , Wter as the tj-'ansf^r fluid, itiere.is less scatter due to tbe 

^-'^*^acj£: that the tests were cunducte^d indoors using a "solar siMila- . 

. 

* The curves shown in Figures, A7 and AiO are duplicates of those re- 

P9rted^ in .references 124]^ apd [25], ^^espectiyeJ^y . The ab?c'issa in 

the first' ca&e is in metric units and in the second, .engllsh units. 

The cu^^es to be presented In the tes^ report described herein 

♦ 'shQu?S "be done so the abscissa' is either in the Sl^units of (^C*m^VW 

(as in Figures A8 and'AJ-l) or as shown , in Figures/A9 and A12. Here 

the experimeotally defcermined temperature 'dif f'^rence has been di-^. 

vided by the difference in temperature^between* the boiling pyint 

and freezing point on the respective s.cale' (lOO^C, 180^^ and the 

insolation has been divid^ by the solar constant, Ig^ (1353 W/ra^) , 

^ in appropriate uniLeRS] . The resVit is an abscissa whose units 

' ai^'e dimensionless. v ' \ 

\ • 

It is expected that a^"straig'ht- line", representation wi 11"^ suffice 

for most conventional flat— plate collectors but that an attempt ' 

,to r*epr,esent the performance of a concentratiftg collector on*such 

* a f>lot will require «the use of a "higher-orSer fit" due to tliie. 
larger W^arlat ion .in Uj^ and the .-product^Ta)^ • ♦ 



8.3 TESTING PROCEDURE * ' : . , 

The testing of the-soiai: collector shall be co^iducted in.sVich ^ 
• way chat an "of 5i.c iency curve." 'ts' determined for the co'liectoi; un-' 
der test conditions descr^ibed in Section 5.;and 8.3. At least four 
• "different values o-f--inlet fluid temperature shall be used to obtain 
the values of '.M!/!.; Ideally' tJie inlet f lu id .tempera tut.e should 
correspcJnd to 10, 30, 50, and 70^0 <18, 54, 90, a^'d i26^^F) above "/ 
the ambient temperature ; - ^lowever ^h'e. valTues that* can .realistically 
be used wihl depend upon the particular collector design and the ^ 
environmental conditions at the iocation'and time of year when the 
collector is being tested.^ .Consequent ly , t;he fo^r different inlet 
, ^ fluid 'temperatures selected sliould be as close to the above values 
as is feasible. At least' foa^-I^t a points" shall be taken for 
each value of t^ ^; j.wo during the time period p'receding sol^r noon 
- ' apd two in the period feiloj/ing solar noon\ the speoific pei^ods 
bein^ ctiosen ,so that the data points'^represent times:^^ symmetrical 
^ Lo solar noon, "^'his latter, requirement is made ^^o that any *^trans- 
ie'nt effect^'' that may l^e present w^l Yiot ^ias tlie'test results 
when they are used for' design purp6^s^§. AU test data 'shall bq 
reported in addition to the fitf ted - curve (see Section 9/) so tha.t? 
any difference in efficiency due* sc^flely to the cTperating tempera-' " 
, ture level o'f the. col lector, can be d^i^^gerned in the *tcst *^port. 
^ The curve ska 11 be established by "'fi"ata ^oints^' that.^r^resent 15 
minute integrated effi*aiency values. In djther words, the inte- - 
grated Valu^ of incident solat efiergy will be divided into the in- 
tegrated value of energy obtained ^roni the collector to. obtain the 
-ef fjciiertcy value for that "i-ns^rvt". :CaVfe should be taken" to in- 
. ^ur^^ that* the incident solar energy is ste^ady ^or each 15 minute 
^ segment during which an eftic^enc^y value, is calc^u lat^d . . Either ' 

electr6riic integiiators or 'continuo^is pen strip chart recorders may 
be used to determine the^integrated v^^ues of incident^'solar* radi- 
, at ion"" and .temperature rise acr-oss the coIIeTctofr, . ^ However, a^strip 
, ^ chart recorder with a, recommended .ch^r.t speed o'f 30,cm/hr mpst al- 
ways be used to monitor th^ '^output * of the pyra'nometer to in^sure . 
that the incipient ra'diation has remained' ,s teady during* the 15 min- 

' '„4.L^ segment. Figures A13 and Al4 show a strip chart- re<;ording of 

inci*dept solar radiation on a'hori^onta4 surface at. the National 
Bureau o*f Standards site in Gaithersburg , naryland^. .Whereas the 
/a ^"^^ QOftd it ion's of Figure ^3 would }>e p^r f ect *ly \cceptable» for obtain- 
ing efficiency valueS^, ' f ho*se^ a£ Figure A14 would\not be* • ' . • r"" 



i< * ' ' , * \, * " • , ^ #^ ' ' ' ' . " 

One or two "blips" of 10 s ot le-sk occurting mri*ng tPe 15 minute 'peri- 
od suph as at- 12:18 in Figuf e- All is acceptable. 
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The surface of the- collector cover plate (if present) as well^as 
exposed envelopevof the pyranometer should be wiped clean and dry 
prior to the tests. If local ^llution or sand has formed ^ de- 
posit on the transparent surfaces, the wipipg should be carried 
out very gently, preferably after blowing off post of 'the loose^ 
material or after wetting it a little, in order to prevent . scr,atch- 
ing' o"f Che surface. This is partlcv^larly important 'for the pyra- 
nonleter since such abrasive'^action dan appteciabl-y Talteu .the orig- 
inal tranfsmission properties of the^enclosing envelope. 

Xhe pyrancy]ie'ter shall be checked ptiov to testing to see. if there 
i&'an^ accumulation , of water vapor enclqsed within^th^ gla^s cover. 
\e use of *'.wet" pyranometers (where moisture is visible) shall dot 
be allowed. ^ 

In 6rder to obtain sufficiently good "quasi-s'teady" ^conditions for 
the s-olar collection process, the collector* should stand in the sun 
under na> J:low' condit ions until the contained fluid fieats up to a 
tempetature equivalent to or slightly grea'ter^ than the_ inlet fluid 
temperature^ for th^ test. The trans/er i^iuid ' should then be^ cir- 
culated trhrough tho collector at the app^'^pi^i-^te temperat^ure level 
for at least minutes^ prior to the period in which ^data^will be< 
taken to calculate the efficiency values. During this p,eriod, a 
check should be made to insure that the flow, rate of the transfer 
fluLd does not vary' by more than + 1% add" that the inci!denL solar. 
'r<idiaLion is steady as described above. K ^ '* ^ 

The flow rate of transfer fluid through Xhe collector shall be 
standardTz^d at oue value for a^ll data points. The recommended 
valu^^ oP flow raLe\ per unit area (transparent frontal or aperture) 
V9r 'tests are 0. 02\^'.g/ (s- m^) (14.7 lbm/(h- ft^)) when a liquid is 
the transfer 'fluid and 0.01 m^y(s'm2) 1(1 . 96 --gfoi^ per ti^) of standard 
'are when CTie transfer .fluid is air.- It is recognized that in some 
(, Ases the collector will 'have been designed for a flow rafe much 
different than ^specified- above . , In such cases, the d^sagn flow 
rate should Be used. * 



111 oird^r to determine and rc^port the fraction of the incident so- 
lar r-adiati'on that is diffuse for each efficiency value, the -sens- 
*!ng Qlemen^ of the pyranome^ter shall.be Shaded from the direct 
beam of sun just P^^^ ^^id just "following each 15 minute testing 



30 minutes is felt to be sufficient for typical tube anci shedt type' 
solar collect^ors using water .as the" transfer fluid. For Chose collec; 
tors having higher therma 1. capacity , a longer-^ time period may .be nec- 
essary*. , ' . ' ' , . » 
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period and the vaJLue of the incident .radiation determined*. .This 
^h^ll be accomplished by^ tising a ^WU -di,sk attached to a slender 
rod heid on a direct lihe between the pyranometer and the sun.- 
The di^sk .shguld be just large enough to shade the sensing element, 
alone. In reference [5j , this is accomplished" by a disk lOOi mm 
in ^diameter and held at a distance of 1 m from the sensing ele- 
ment''"'"' . / . . ' * ' j ^ I 



8.4 CALCOLATION OF INSTANTANEOUS* EFFICIENCY 

—■ X 



FoT each 15 mihu^et^segment for which an effic|^ncy value i,8 to be 
determined, the val^ue is calculated usingythe equation: 



"2 



Tm c \ Ct'' - . )■ drl/A • 

: . ' ^ (6) 



"i 



"2 



r •! dr 



< 



The "quant itles m and Cp have been taken out of the integration in 
the numerator since they remain essentially 'constant' during' the 
test. Note that the collector area used for the calculation is ^ 
not the^absorbing surface areaJDut rather th^ transparent frontal 
ai:ea or aperture area. »^ , ' . . ' 

v. 

• • ... 
At least sixteen (data points '.shall be obtained* for^he estab^sh- ' 
ment of the '*^4^ciJency curve" and an equ^ion for^he curve shall 
' ^ "be obtained using- ^e., standard technique of a least-squares fij: t& 
a secbnd"*order ' polynomia 1'^** . " ' ^ 

8.5 AN EXRERIMENTAL -CHECK ^ 

/ ' • . 

* ' As an ind<jpendent check on the experimental jresults /the inlet^tem 
peraC^ire, tf^^, and the outlet temperat.ure , tf > ^^^^ collector 
shall be recorded on continuous pen strip chart recorders. The 



A no^maJL incidence pyrhe li6meter can be used in lieu of shading the^ 
sensing, element -o^ the pyranometer. ' " • 

was when t^ing a Mollr-Gpfszynski Pyrahometef madje by Kipp'a'nd 
Zpnen. . , \ \ ' y 

.\ One should consult any standard tfext discussing analysis of experi** 
ment^al data for a presentation ofe^this technique (i.e., {27] and [28]) 



quarbtity \ (t^ -^t^ .) dj shalJL be approximated using these re- 
/ '1 ^ . . . - , . . 

cbrdings and compared with the identical qufentity obtained^ by us- 
ing, the primary method which measures the temperature difference 
directly. * ^ ' <i ' 

/ - / • 

CALCULATION'^ OF AIR FLOW RATE 

The air flow rate through t\\e nozzle is. calculated by the follow-' 
ing equations : 

Q . = 1.41 "c 'a' (P ^ v' f'^ ' (7) 

^mi n . V n 

V =.10.1 X 1.0 V /p w y \ ^ (8) 

n . « n n n i 

The 4ir flow rate of standard' air is then: 

.^\'= Q ../(1. 2 v' ) • ' ^ ^ (9) 

mi n ^ 



CALCUIATOON 'OF NOZZLE REYNOLDS NUMBER • . . ^ 
The Reynolds number is calculated as follows: ♦ 

' N* = f.V D ' • ^ ^ ' - * ' (10) 

- Re a - , . 

Tfie temperature factor is as- follows: ^ ^ < , 

Temperature, '■'C. '• . Factor,* f 

'-6.7 , •- • '78275 . ■ 

-H+.4. . *. . ■■ 72 075 

+15^6 ' . ' 67425 

' ' +26.7 ' - . - ^ , 62775 

. * \^+37.8 , . 58125 • 

^ ' ' ^ -*^.9 ' . \ { 5 5 02 5 ^ ■ ' 

■ jf60.0 - . '-v 'Z 51925 

,.+71.1. • ■ . ^^882-5 < ^ ♦ 



8.« CALCULATION Og THEORETICAL POWER REQUIREMENTS 



In order to calculat;e the ''theoretical power required to move the 
tt'ansfer flui<l.x through the solar .collectcrr, the' following exjuation 
shaTl be used: 



(11) 
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^CTION 9> DATA TO BE RECORDED AND TEST REPORT * . 

* • •* ' 

TEST DATA ' * ' . . • /' " 

Table A13 lists the measurements -which are to be made at the be- 
ginning of the te'sting day and during the individual tests to ob- »^ 
tain, an efficiency "data point'^T 

9.2 . TEST REPORT ' . '* ^ • ^ — ^ 
) ^ , . ' ■ 

Table A14 specifies the c^ata-and information that shall be reported 

in testing the s6'lar collector. - ' . * 



SECflON 10. liOMENCLATURE 



A cross -'sectional area, • 

- A^ . ' transparenp frontal area for a f lat-plate^collector or aperture 
s for *a concent ratTng collector, ra^ * ,r . 

2 . , • • ' 

A area ofvnozzle, m - ' * ^ 

absorbing or receiving area of the conc^ntrating'soiar collec- 
tor , ^ ' ' . . • • 

C nozzle coefficient 'of discharge * • 

c . specific heat of the transfer fluid, J/QcgA:) 

•D nozzle throat diameter, m 

f temperature factor for the calculation of n6z2le N 

- Re . . 

F solar collector efficiency factor * 

. ^ * . ^ :* 

, h , outside surface, beat transfer coefficient (includes radiation 

and convection) for the solar collector, W/^.^C) 

I- total solar energy incident upon the plane of the^ solar collec- 

tpr per unit time per unit area, W/m^ • ,^ »• * 

J, , '<*'^ 

, . - ^ • v^' ^ 

diffuse solar energy incident upon the plane of the sola^. collec- 
tor per unit time per unit area^ W/m^ ^ ' 

^ - * i 2 • ^ ^ 

I ' ^olar constant, 1353 W/m . . o 

^ . sc . ^ ? ' ^ • ^ , 



mass ''flow rate of che transfer fluid, ^kg/s' 
Reynolds number 

absolute pressure at the nozzle throat, N/p^ 

' ^ __ \ \ 

theoretical power required* to move' the transter fluid 
through the solar collector, ,W • I * 

velocity pressure at- the nozzle thrx)at or*tpe , static pressure 
difference across the nozzle, N/m^ 

pressure drop across the solar collector, Ny 
measured air flow rate, m3/s 
standard. air flow rate, m3/s. 

rate of. useful energ^'^vpxtractiou from the*.sol^r collector, W 

'ambient air temperature ,°C . 

temperaturfe- of the boiling-point on a temperature scale,"C or'^F 

temperature of the fluid leaving the collector ,^C - 

temperature of th^ fluid entering the collector ,^C — 

temperature of freezing point on a temperature s^ile;°C or^F 

average temperatu:;e of the absorber sujr^ace of .the solar callec- 
jtor,°C " ' ^ 

average temperature of the absorber surface of the concentrating 
solar collector, » 



temperature dif ference 

• 2" 

heat transfer loss coefficient for the solar collector, W/fe .°C) 

velocity of the air at the nozzle throat, a/s ^ 

specific volume of the air at dry and wet bulb temperature con- 
ditions existing at the nozzle but at standard barometric pres- 
sure, m^/kg dry ^ir , ^ « . . 

" * 3 ^ • • 

speci^fic volume of the air at the nozzle, m /kg dry air 

humidity ratio at the nozzle, kg H^O/kg dry air . . \ ^ 

•absorptance <xE the solar collector absorbing surface to, solar 
radiation ^ 

the fraction of specularly reflected r4diation from the reflector 
which is intercepted by the solar collector absorbing surface 
^ ^ - r 162" ^ 

' ;^ > • • - - - - . • . , / 

''^ • • ^ . ^ ^ ' :^ - . 

^ — 



solar .collector efficiency, % 

specular ref l^ectanca'of the solar collector refleetor, or density^ kg/m 
time, s, or transmittance of the solar collector cover •plate 
^ effective tfansmission-absorptance ^factor for the solar collector 
time at the beginning of a 15 minute test ' per io*d, s 
time at the end of a 15 nimite ''test period, s 

SECTION 11.' REFERE NCES 

Morrison, C/ A., and E. A. Farber, "Development -and ose of Insolation 
Data for South' Facing Surfaces in Northern Latitfudes.'i , -paper presented 
at the A^hRAE Syroposium, Solar Energy Applications, Montrea:l, Canada, 
June 22/; 1974^ - ' , ^ 

Personal communication with J. I^ Yellott, Arizona State University ' 
T^st^e, Arizona,* data to be published in 1975 revised edition of theJL 
^'SHRAE publication. Low Temperature Engineering Application of Solar 
nergy . ^ ^ . ./ 

ASHRAE Handbook of Fundametitals , American Society of Heating, Refrig- * 

erating and Air-Conditioning Engineers, Inc., 345" East • 47th Street, 

New York, N, Y. 10017, 1972. • ' , ' 

# - • , 

Threlkeld, J, , Thermal Environmental Engineering , Prentice-Hall, ^ 
*Englewobd Cliffs, New Jer sjsy > Se^Tofid Edit ion , 1970. 

Latimer, J. R. , "Radiation Measure^nt", International Field Year- for ' ^ 
the Great Lakes, Technical Manua/ Series , No. 2 , The Secretariet, 
Canadian National Committee for^the Internatiorial Hyrf^o logical Decade, 
No. 8 Building, C^ling Avenu/, Ottawa, Canada, 1971. 

e / <t 

"Standard Measurements Guide: Section on Temperature Measurements", 
ASHRAE Standard 41-66, Part 1 , American Socie'^ty of Heating, Refrig- 
erating and Air-Conditioning Engineers Inc. ,^ 345 East 47th Street, 
New* York, N. Y.*' 10017, January, 1966. ' . ' • 

"American Standard for Temperature Measurement, Thermocouples G96v. 1- 
^964" (R 1969) > American- ]fetional Standards Institute, 1969; 

"Instruments , and Apparatus, Part 3, Temperature Measurement", Supple- 
ment to the ASME Power Test Codes, American Society of Mechanical En- 
gineers, 345' East 47th Street, New York, N. Y.* ^10017, Mar eh, 1961. 



.,- - ■■205. ; ; . 



3 " 



' , ♦ 



uavis , J. . , tvaaiation r»rrors in air uuctb unuer isi 
tions Using l ^QrmocoupIe s-y~-Xherjgij«^tors , and a kesistai 
ter",. NBS Build.ing Science Series^'i6 , November, 1969. 



9.^ Davis, J. C, "Radiation Errors*"in Air Ducts Under Isotheritiai Condi- 

:ance Thermome- 

(Avai liable 

from the Supe|i?i?ptendent of Docunitsnts , U. S. Government Printing Of- 
^ ^ fice, Washingt^?'f)s;it. r0402 - order by SD Cat,alog Ho. C 13.29/2:26, 

K ' $0.25.) ' - 

I'). Davisi, J. C, Faison, X. K., and P. R. Achenbach, "ErrVrs in Tempera- 
ture Measurement of Moving Air Under Isothermal Conditions Using 
Thermocouples, Thermistors, and Thermometers', ASHRAE Transactions ^ 
Vol. 72, Part T, 1966'. . . ^ • ' . ' 

11. "Methods of Jlesting for Rating Unitary Ai^r Conditioning and Heat Pump 
Equipment"', ASHRAE Standard '37-6 9, Am^r^ican Society of Heating, Re- 
frigeratj.ng and Air-Conditioriing- Engineers , Inc., 345 East 47th Street 
New York, N. Y. 10017, {April, m9. 

12-^ "Instruments and Apparatus, Part 2, Pressure Measurement", Siippljement 
^ to ^tho ASME Power Test Codes, American Societ)j of- Mechanical Engineers 
/ 34S EasT/'4>th Street, New York,-N. Y. 10017, *July, 1964.^ 

13. * "Instruments and Apparatus, P&rt 5, Measurementv 'of Quantity of Ma*- 

terials. Chapter 4, Flow^. Measurement" , Supplement to the 'ASME Power 
Test Codies, American Society of Mechanical Engineers, 345 East 47th 
Street, New York, N. Y. 100l7, February, 1959. 

14. "Fluid Meters, Their TheoryVand Application", 5th edition, American 
Society of Mechanical Engin^rs , 345 East 47th Street, New York, 4r 
N. Y.' 10017, 1959. « ^ . . ' . 

15. "Instructions for Climatological Observations^, Circular B" , United^ 
States Weather Bureau Service, llth edition, 'January, 1962. n - 

16, Faison, J. K., Davis, J. C, and P. R. Achenbach, "Performance of • 
Louvered Devices as Air Jiixers,' NBS Building Science Series 27 , 
March, 1970. (Available from the Supper intendent of Documents, 
U. S. Government Rrinting Of fice ,/ Washington , D. C. 2*0402 - t>rder 
by SD Catalog, No. C 13.29/2:27, $0.30.)^ 

^' -17. 'liottel, H. C, and B. B. Woertz, "The P.erformance of FlatrPlite. 

Solar-Heat Collectors", ASME -^ifcansac tions Vol. 64,' p. 91, 1%2^ 
. ' V . ■ • - f \. ■ 

18. Hottei, ^H, ^, and A. Whillier, "Evaluati<)n ot Flat-Plat^ Collec- 
t or Per f ormanc e" , Transactions of the Conf erence^on the U&6 of 
Solar Energy , Vgl. 2, Part I,'p, 74, University of Arizona Pre*ss , 

- - • 1958. , . '. - : " ■ . ^ ' •' ^' . 

'l9. Bliss, R. W., "The Derivation of Several 'Plate-Efficiency Factors' 
* Useful in tlie Design of Flat-Plate Solar Heat Collectors!', So'lTar 
. E nergy , Voi: 3; No. 4, p. 55, 1959. " ' ^ \ 

i.' ■' ' ■ •" • • . 2b.&.,.= . ■ •' * 



^^^^ " ' 



0 



20,/ Whillier/A,, "Design Factors Influencing Oollector Performance", 
Low Terbi3erature .Engineering Application of Solar Ertergy , American 
SocietV of Heatl-ng, Refrigerating, and Air-conditioning Engineers:, 
Inc.,/345. East'47th Street, jjfew York, N. Y'. 10017, 1967. 

Duffle, J* A., and W, A. Beckman, STolar Energy Thermal Processes , 
John Wiley and" Sons V 1974. , ' ' 

Nevins, R. G.^ "and',^ • E, McNall?, "A High-Flux Low-Tempferature Solar 
Collector",* ASrtRAE Transactions , Vol. 64, pp. 69-82 , 1958. 

' « . ^ * • ■'^^ * 

Lof, cf. G. n^^ster ,"D. A., 'and J. A. Duffie, "Energy Balance on 
a^ Parabolic Cylindei; Solar Reflector", ASME Transactions , Vol, 84A, 
p . 24,/ 1962/ \ \' ' - 

Gupta, C. L., and H.*P. Garg,^ "Performance Studies on Solar Air 
Heater9'^ So lai?:-' Energy , Vol^ n , 'No,.' 1, ,1967.. 

Simon, F. F.,'and P. Ha/l^ent , '^"Flat'-Pl^^te Collector Performance 
Evaluation: The Case fb^ a 'Solar Simulator Approach", NASA TM X- 
. 71427 , Octobet; 1973.^ • 

26/ Thekaekafa, M. P.,f/*Solar Energy.- Outside the Earth's Atmosphere", 
' 4- S:o:^ar Energy , Vol;^ 1^, No. 2, p. 109, 1973. ' ' ^ 

27. Holman, J. P*^ Experimental Methods for Engineers , McGraw-Hill, 
" ' Second Edition, 197Iv. ^ , 

28. Bevington, P. R.,, Data Reduction and Error Analysis. for the Physical 
Sciences, McGraw-Hill-, 1969. > • 



23. 



24 < 



25.. 



t ' 



TABLE Al 



SOLAR POSITION'AND INSOLATION VALUES FOR 24 DEGREES NORTH LATITUDE 



H 

ON 
ON 



\ 



DATE 


SOUR 


TIME 


SOLAR POSITION 


ETUH^SO FT TorAL 1 


NSOt-ATlON ON SURFACES 




DATE 


SOLAR 


TIME 


SOLAR POSITION 


BTUH^SQ, FT, TOTAL INSOLATION ON SURFACES 




AH 


PM 


ALT 


AZH 






SOUTH 


FACING SURFACE ANCLE WITH HORIZ, 




AM 


PM 


ALT 












SURFACE ANGLE WITH HORIZ, 














NORMAL 


HORIZ 




2a 


3q 




90 
















NORMAL 


hor'iz 


14 




34 


qq 


90 


JAN 21 


7 




5 


- 65.6 


71 


10 


17 


21 


25 


28 


^1 


JUL 21 


6 






6 


«.2 


lOQ.n 


31 




16 


11 


10 


9 


5 




, 




• ^ 


16.9 


58.3 


}39 


83 


110 


125 


137 


1^5 


127 




7 






5 


21.4 


103.8 




98 


85 


73 


59 


44 


1"^ 




' 9 




3 


27.9 


*i8.8 


233 


151 


188 


207 


221 


228 






•8- 








34.15 


99.2 


239 


l^Q 


157 


iL^ 


125 


104 


16 




•10' 




2 


37.2 


36.1 


308 


2CW 


2Uih 


258 


282 


287 


207 




9 






3 


^8.4 ^ 


94.5 


261 


231 


221 


207 


187 


161 


18 




11 




1 


')3.6 


1^.6 


317 


237 


28^ 


306 


319 


37H 


2?R- 




10 






2 


62.1 


89.0 


272 


278 


270 


256 


235 


206 


21 




12 


aB.O 


0.0 . 


320 


249 


296 


319 


33? 


336 


232 




11 






1 


75.7 


79.2 


278 


307 


302 


287 


265 


235 


32 








. SURFACE DAILY T0TAl>6 


27f6 


!622 




21 7q 




2365 








1? 




R6,f^ 


0 0 


2«0 


317 


312 


298 


275 


245 


3G 


FEP 21 
* 


7 




5 


Q.3 


7^.f, 






qq 




53 


5^ 


iif 










SURFACE DAILY TOTALS 


2932 


2526 


2412 


2250 


2036 


1766 


'46 


8 




(1 


22.3 


67.2 






13^ 




150 


151 


10? 


Autf 21- 


6 






6 


5.0 


> 101.3 


35 


7 


5 


q 


q 


q 


2 




9 




3 


3a. a 


S7*5 


298 


187 


715 


225 


230 


It.') ^ 


141 




7 






5 


18 AX 


<^5.6 


186 ^ 


S2 


76 


69 


60 


50 


11 




10' 




2 


as.i 




3H 




273 


7?>i 


291 


2?7 






« 






4 




89.7 


2£>l 


153 


I5q 


146 


134 


118 


16 




11 




1 


5^.0 


25.0 


^7] 


276 


IV: 


320 


328 


323 


IfS 


1 c 






3-* 


45.9 


82.9 


265 


223 


222 


214 


200 


181 


39 






56.0 


0.0 


32 


28S 


373 


337 


3^1 








}^ 






2 


59.3 


7^0 


278 


273 


275 


268 


•252 


230 


58 








SURFACE DAILV 


TOTALS 


3036 




2276 


2396 


21^6 




1^75 




11 






1 


71. 


5^.2 


284 


30i» 


309 


301 


285 


?61 


71 


MAR 21 






5 


n.7 


• 8^.3 




60 


63 




62 


5*^ 


37 




12 


78.3- 


0,0 


286 ' 


315 


320 


313 


296 


272 


75 




3 




ti 


27.2 


76 8 


267 * 




15f 


1^,2 


iq9 


142 


6^ 




SURFACE DAI-tY TOTALS 


■ 2864- 


24C8 ' 


2^02 


?316 


2168 


1958 


470 




c 




3 


^10.2 


,67:9 




212 


226 


729 


22s 




o«; 


SEP ?1 


7 






5 


13.7 


83.8 


173 


57 


60 


60 


59 


56 . 


26 




IC 




2 


52.3 




309 






288 


233 


270 


120 




? 






u 


27.? 


76,8 


248 


136 


144 


146 


143 


136 


62 




11 




\ 1 


51.9 




315 


3fO 




326 


320 




1^^ 




C 






5 


j:jp.2 


67.9 


278 


IK J 


218 


221 


^217 


20^ 


' 93 




. 12 


66.0 


'o.t ■ 


317 


312 


33q ' 


33a 


53^ 


317 






10 






2 


52.3 




292 


258 


275 


278^ 


^^73 


261 










SURFACE DAILY 


TOTALS 


3078 


2270 




2155 


2ql2 


2298 


1072 




U 






1 


61.^ 


33.4 


299 


291 


311 


* 315 


"^^^ 


^95 


131 


APft 21 


e 




6 


«*.7 


100.6 


^Q 


7 






tl 


3 


2 


1 

1 


1: 




65.0 


0.0 


301 


302 


323 




' m 


306 


136 




7 


A 5 


18.3 




203 


83 


77 


70 


62 


51 


1^ 








SUPfACE DAILY TOTALS 


2878 


2194 


23^2 


■^366 


7522 


2212 


* 992 




8- 






32.0 


89.0 


256 


160 


157 


iqg 


137 


122 


16 


OCT 21 


7. 






5 


9.1 ' 


74.1 


138 


' 32 


40 


45 


48 


50 


42 




9 




3 


^5.6 


81.9 


280 


797 


227 


220 


206 


186 






8 






4 


22,0 


66,7- 


247 


111 


129 


139 


144 


- 145 


99 




10 




2 


59.0 


71.8 


292 


r- 
278 


282 


275 


259 


257 






9 






3 


34.1 


57.1 


284 


^180 


206 


217 


223 - 


221 


138" 




11 




1 


71.1 


51.6 


■ 298 


310^ 


316 


309 


293 


26° < 


7ii 




10 






2 


W.7 


• H3.8 


301 


234 


26S 


277 


282 


279 






12 


77.6 


' 0.0 




3?1 



328 


-321 


305 • 


280 


74 




11 






-1 


52.S 


24.7 


309 


268 


301. 


315 


519 


. •314 


182 








SURFACE 5A1LY 


TOTALS 


?n^6 


25?W 




237ii 


2228 


701 f 


4f^S 




12 


'55,5 


0 0 


311 


279 


314 


328 


332 


327 


188 


MAY 21 


6 




_6 


8.0 


108.tf 




22^ 


15 


10 


9 


, , 9 


5 










SURFACE DAILY. TOTALS ~ 


2868 


1078 


2198 


231ft. 


2364 


2346 


1442 




7 




5 


21. ^ 


103.2 


?fi3 


98 ** 


* 55 




'*59 


qq 


12 


NOV 21 


7 






5 


4.9 - 


65.8 


67 


10 


16 


20 


-24 


27 


29 


* 


a 




L 




98.5 




if W 


159 


1Q5 ' 


127 


106 


15 




8 






4 


17.0 


58.4 


232 


82 


ins 


123 


135 


142 ' 


124 




q 






G8.3 


93.6 


269 


233 


22U 


210 


* 190 


165 


16 




9 






3 


28.0 


48.9- 


282 


150' 


186 


205 


217 


224 


172 




10 






62.0 


87.7 


280 


281 


275 


261 


239 


211 


22 




10* 






2 


37.3^ . 


36.5 


303 


203 


1^ 


-265 


278 


283 


• 204 




'^^ll 




1 


75^5 


76.9 


286 


311 


307 


293 


270 


' 2W 






11 






1 


43.8 


19,7 


; 312 


236 


280 


302 


•316 


§20 


' 222 




12 


86 0 


' ,0-0 


288 


322 


M7 




' 281 


250 


^7 




12 


46 2 


0,0 


315 


247 


293 


3^5 


328 


332 " 


228 








SUR 


PACE DA'lV TdfALS 


^n^2 






2286 


2072 


ISOO 


7fiP 










SURFACE DAILY TOTALS 


2706 


1610 


1062 


2146 


2268 


2324 


' "1730 


JUN 21 


6 




6 


9.3 


111,6 


97 


29 


. 20 


121 


-12 


11 


7 


DEC 21 


7 






5 . 


3,2 


62.6 


30 


3 


7 


9 


11 


12 


14 




7 




5- 


22.3 


106.8 


^201 


va03 


87 


•^3 


58 


41 


13 




8 








14:9 


55.3 


2^5 


71 


99 


\{% 


129 


-139 


130 








U 


35.S 


i02.6 


2Q2 


173 


158 


lii2 


122 


99 


16 




,5 






3 


25.5 


46.tf^ 


281 


137 


176 


198 


21U 


223 


184 








3 


a9.0 


98.7 


253 


23q 


221 


20^ 


182 


15S 






10 






2 


?4.3 


33.7 


30^ 


189 


234 


258 


275 


' 283 


217 




10 




2 


62.6- 


95.6 


27q 


280 


269 


253 


229 


199 


18 




11 






1 


40,4 


18.2 


314 


221 


270 


295 


312 


320 


236- 




11 




1 




^9o.a 


' 279 


309 


30O 


283 


259 


227 


IQ 




12 


42.6 


0,0 


" 317 


232 


28? 


308 


32S 


332 


243 




1 


2 






281 


319 


MO 


29^t 


269 


■236 


22 










SURFACE DAILY TOTALr 


2624 . 


lii7q 


1852 


2058 


2204 


2286 


1808 








susfaC£ daily 


TOTALS- 


299** 


257q 


2^22 


2230 


1992 


1700'"" 


20^ 





NOTE:' 1) 



2) 



3) 



BASED ON DATA IN TABLE I, P. 387 IN , 
^REF. [3J; 0% GROUND REFLECTANCE; I.O 
CLEARNESS; FACTOR. ^ 
SEE FIG. 4,'P. 394 IN [3 J^FOI^ TYPICAL 
REGIONAL CLEARNESS FACTORS. ^ * 
GROUND REFLECTION NOT INCLUDED ON NORMAL' 
OR HORIZONTAL ^TOFACES . 



1 BTUri/SQ. FT.. = 3.152 W/mi' 



/ 



9n-. 



l6 



r 



TABtE^-Ai SOI^R POSIxfoN AND-lNSOUTlON VALUES. FOR 52 DEGREES *lJORTff'XATIT\JDE 





DAT£ 


SOLAR 


TIHE 


SOLAR miTION 


BTUH/SO. FT, 


TOTAL INSOLATION ON St«FACES 








, AH 




pn 


ALT 


. AZM 






SOUTH 


FACI^ SURFACE AN6L& WITH HORIZ* 
















NORMAL 


HOftlZ. 


22 


32 


^2 


52 


90 




JAN 21 


7 




5 


' 1.^1 


65.2 


. 1 


0 


0 


0 


Oj 




r 






8 






12.5 


55.5 


203 


56 


93 


106. 


1)6 


'^'123 


115 






9 




3 


22.5* 




269 


118 


175 


193 V 


206 


212 


181 




• 


10 




2 


30.6 


33.1 


295 


167 


255 


256 


'269 


27^1 


221 






11 




^'1 


^36.; 


17v5 


306 


*198.- 


2;3 


295 


30S 


312 








• 12 


5&^.0 


0.0 


310# 


20» 


285 


, 308 


321 


32'< 


> 253 










SURFACE DAILY TOTALS 


, 2<I58L 


1^88" 


iSie 


♦ 2008 


-2118^ 


2U66 


^ 1779 




fa 21 


7 






^ 7.1 


73.5 


121 . 


•^22 


3^1 


37 


^0 


' fi2 


38 






8 






19.0 


64.<4 


2'<7 


95, 


127 


136 . 


1^*0 


I'll 


108 






9 






29.9 


, 53.'! - 


288 * 


151 ^ 


286 


217 


1222 


220 


.158 




• 


10 




2 


' 39.1. 


59.«» • 


306 




-266 


278 


'283 


279 


193 






IK 




1 


<)5.6 


2\A 


315^ 






3i;^ 


»321 


3^5 


2W 






li 


^.0 


0.0 


% 317 ■ 


255 1 


316 


330 


VM 


' 328 


222 










' SURFACE DAILY TOTALS 


.2872 . 


172t< ^ 


21?8 


2300 


23^15 


.2322 


1611 






7 




5 


12.7 


81.9 


185 




60 


60 


59 


56 


32 










t) 


2S.1 


g 73.0 


26^ 


129 


1^6 


1«»7, 


IVl- 


Jl37 


78 






9 




3 


. 36.8 


^ 62.1 


• 290 




222- 


22^1 


220 


.20^ 


119 




^> 


'10 




%2 


t»7.5 


«J7.5 


30if 


2kS 


280 


. 283 


2W 


265 


150 






11- 




1. 


$5,0 


26.3 


- 311 * 


3J1 ' 


J17 


* 321 


lis 


30Q 


•170 






1 


Z - 


/5S.0 . 


0.0 " 


313 


287 N 


329 


333''^ 


527 


312 


177 










SilflFACfr DAILY TOTALS 


3012 


208a ' 


2578 


' 2m 


2358 


22*16 


1276 




/M>R 21 


6 




6 


' ^6iL 


99.9' 


66 


1^1 


. 9 


. 6 


- 6 


5 


. 3 






7 




5 


18.8 


92.2 




^ 86 




71 


62 


51 


10 










tl 


31.5 


8^.0 ' 


255 


J58 




1«;8 


136 


120 


- 35 


H 








3 


«.9 


7^.2 


278. 


220 


225 


' ' .217 


^ '203 


183 


6a 


? ON 




10 






' 55.7 - 


60:3 


290 


'267 


279 


272 


•^25$ 


23*i 


'|95 


/ * 




ii 






65.4 


37;5 


-295 


297: 


313 


306 


290' 


- 265 , 


112 


ft ' * 




1 


I 


69.& ■ 




297 


307 


3?5 


318 


' 301 


276 . 


118 










SURFACE DAILY TOTALS' 


3076 


mi 


2m 


2356 


2206 


199*1 


' 761 




nAt 21 


6 




6' 


10.«» 


lo^2 




36 


2\ 


<13 . 


13- 


12. 












S 


.22.8 . 


loo.i 




107 


,88' 




60 


k^ 


. 13 






» 8 






35.«t 


. 9^9 


^ 250 ^ 


175 


159 




.127 


^ 105 


* ir 






9 




' 3 








233 


223 , 


• 20^^^ 


>188, 


163^ . 


^3 






10 




2 




^ 73.3 


' 280 , 


277 ' 


nn 


: J59 


" 237* 


208. 


. , ^56 






11 




1 


72.0 


51:9 


285 - 


305 


' 305' ' 


' 290 


. 268 




= 72 






12.' 


7^.0 


^ 0.0 


*28& 


515 


315' 


301 


278 


217 


77 










SURFACE DAILY TOTALS. 


3112 * 


2582 


2m 


22811^ 


pm. 206^1 


17^ . 


169 




JUN 21 


6 




6 


l^.2 : 


'110.2 


131 






16 


15' 




^9 






-7 




. 5 


21.3 


103. t| 


. - 210 


115 




76 


• ^ 59, 




- 11 






8 




«l ' 


36.9 


96.8' , 


, 2« - 


180 


^159 


a« 


' 122 


99 


■is 






9 






tl9.6 


89^ 




236 


221 , 


20iJ 


181 


153 


19^ 






10* 




2 


- 62.2 


79.? 


27k 


t279 


2^, 


251 . 


227- 


IV ' 


, *il 






*li:. 




1 




-60.9 


279 


305 ' 


'299 , 


282 • 


:257' 


.221 


56^ 






n 


.81.5 


0.0. 


280 


315 


309 


2?2 


^ 267 . 


231- 


t 60 










SURFACE DAILY TOTA^S^ 


" 308^ 


263t| 


2'«6 


223^* 


.»90 


1690 


370 



JUL 21 



4 



'AUG 21 



SEf 21. 



oa 21 



SOtAR TIHE 



6 
7" 

9 

11. 



•12 



SOUAR POSITION 



ALT 



10.7 
23.1 
35.7 
"18.1 
60.9 
72.1 



A2M 



107.7 
100.6 

93.6'^ 
85.5 
71.3 
53,3 
_ 0.(f 



BTUH/sO.tFT, TOTAL- INSotATiON ON SuRFAj^ES- 



203 
• 211 
261: 
271 
277 
279 



6 

• 7 
.8 

9 

10 
11 



SURFACE DAILY TOTALS : 



6.5 

19.1 

3i.S 
11J 
5^1 
66.0 
70.3' 



100.5 
92.8 
81.7 
7S.0 
61.3 
38.1 
0.0 



*3012 



59 
■ 190 
210, 
263 
275 
282 
281 



. ' SURPRgfe DAILY TOTALS 



2 
I 



127^ 
25.J[ 
36.8 

55,0 

si:o 



•81.9 
73J) 
62.i 
17^ 
26.8 
> 0.0 



2902 



163 
210 
272 
287 
291 
296 



2558" 



11 
85 
156 
216 
762- 
292 
302 



2352 



W0V.21 



DEC 2V 



_SaRFACE DAILY TOTALS 



' 6.8 

i«i7 
29,5 
38.7 
15.*1 

17.5^ 



73.1 
Sl.tJ 
53.0 
39.1 
21U 
0.0 



99 
229 
'273 
293 
302 
301 



.5 
-4 



SURFACE gAILY TOTALS 



^ 4 

10 

Hi 



1 

i2> 
22 
30, 
3$, 



6S.1 

56.6- 

16a 

33.> 

in$ 

_0iO 



2696 



DAILY TOTALS 

3 ' 



196 
263 
289 
301. 




'NOTE: 



1) 'BASED onvdatA Instable i, pc^sr m , 

REF. L .0X» GRGUND-'REFLECTANPEI, it^ 
fcLEARNESa^iACTOR., y * ' * ' 
2.) SEKrFIG^ 4,, .P. 3?4 m i^] FOR T.YPICAL^,\, 

. -lysdlONAL: CLE^RNESS:iACT6RS: ' ' ' ' " . ^ ^ 
3) GROUND REFLECTION^^ltor ^XNCLIXDEI^^'ON NORMAL 
' OR .HORtZGNTAL SURPAGSs' 




53 ;8 
13<-6 

ISA 

$yRFACE JAIUY TOTALS 



210g 



176. 
2'57 
288 
301 
301 
/2318 



2011 



1651" 



1136 



SOUTH FACING SURFACE ANGLE WITH HORIZ. j^ -' 



22 



•22 
87 
\^ 
220 
269 
300' 
310 



2122 



9 
.77 
152 
220 
^?2 
305' 
■317 



2388 



56 
l%0 
213 
270 
306 
318 



2288 



29 
i20 
198 
257 
291 
'306 



aoo 



0 
91 
173 
233 
'270 
282 



32 



' 11 
75 
113 
205 
25ti» 
285!!' 
29S 



^2250 



/ 

69 
111 
•212 
-261 

509 



2296 



56 
191 
215 
273 
309 
321 



2308 



32 
;28 
208 
269 
307 
320 



220s 



77 
161 
<221 

2IL 



1701 



0: 
'101 
190 * 
25> - 
,291 ^ 

m 



.1980 



IV 

. 60 
125 
18^ 
2^2 
• .262 , 



2030 



6 

60 
^52 
157 
219 
281 
292 



2111 



55 
138 
211 
'268 
305 
315 



2261 



, 31 
.133 
213' 
27J 
311 

. 32a 



2252 



1 

* 113 

.202 
265, 
303 
316, 



_2081. 



' 90 
180' 

' 211 
282 
295 



101 
195 

259- 
-^8 
JIL 



2016 



52- 



.12 
11 
101 
159*- 

201 



;/23?^"^'<6? 



212 • 



175t« 



j6 
50 
116 
■178 
226 
257 
268 



1931 



52 

m 

201 
255- 
289 
300 



90 



7«u 



158 



1 
17 
33 
' P5 
91 
107 
113 



735 



30 
- 7S 

iv^ 

16if 
171 



2151 i 1226 



Jb' 32 

i3i_ *' m 

212 153, 

270 f t88 

3nf) 2£>9| 

118^, 217 



2232 



1 

119 

208 
270 
307 
320 



2130 



267 

305" 

318'^ 



2086 



1S«J^ 



1 

111 

i'7e 

217 
^211 
wt9 



a^^26. 



J791 




r 



TABLE A3 .... SOLAR POSITION AND * INSOLATION VALUES^' Fd? 4 0-^DEGREESV NORTft LATITUDE 

1^ 





-BASBD ON J)ATA IN T^ilM^l / ZV :3$7 -IN ^ 
REF. [3] i • O^vG^QUI^DVilEFLECTANCB^ 1^0 

^Iearkess lAcaicfei^^^ ' . ^ 

SEK tiC.^.J^ m IN^Jij- FPR/TYPJ(^^ 
REjSIONAL CPEAimESS FAGTOftS.-^ ' ' ' 

G^omp fRK^LECfpS}^ NOT ^NiJLTOEDr.ON.NORl-lAL. 
QRnHORIZOOTAL SjfiRFAqES?^?^^ ^ 





TABLE A5 SOLAR POSITJO'N AND DISOUTION VALUES 56 DEGREES NORIH LATITUDE 




,BASEDJON^DATA'IN'JA^Lt 1'., IN 

CLEARNESS - v' 

.2-) , SEE.FIG>,4,, ^94 'in "f^J POR XYBIGAL , 

.REGI0NA:l7^^eLEARN FACfORS** 
3 ) -TG^Wfi liEFtE^^^ N&T INCLtfeEn p^l' NORMAL ' 
' , PJP HORIZ^okrAL SmFACES.^ . 



1- 



mmmmm. 



, T^BLB A6 



so£ar easrrioj? and B^'sa^^r^vAi'UES 'for.64 degr'ees kojbocr latitu6e 






2) 
3) 



BASJID OK^-BATA IN TABLE 387 t^f 

REF.- T3J GROlsiD REE^QEfeTANCE; 1^0 
CLEARNESS FACTOR. ^ ^ . * - , . 
SEE FIG.. 4> 3% IN i-3]"m_tYB'ICAL 

regionaI clea^ss- factors 1' 

GROUNI^:R£HiCTiO^^»KOX INCi.UDED.ON NOR^^L 
^OR HORIZONrAL;SDRFACES:i- ' 



218 




TABLE A7 



LATITUDE 2ii°N. INCIDENT ANGLESTFOR HORIZONTAL 
AND SOUTH-FACING TILTED SURFACES . . - 







1 Kbriz. 


L - \0 




ut. * 16 » 


Ut. 20^ 


V^t. 






IMlCS • ; I ucc 1 . i 

^ Dec. 21 (-23.4$) 


7 

8 1 

9 
10 
11 


S 
4 

2 
1 


86.8 
75.1 
64.5 • 
5S.7 
49.6 


80.5 

' 44.5. 
36.5 


26.3 
62.7 
49.6 -5 
37.4 - 
y ^ 27.6 
' » *— 


72 ."^4 

58.6.. 

44:9 

3V6 

19.6 


' '68^9^^ 
55.4 
41.8 
28.0 
14.3 


62.6 
56.6 
51.1 
46.6 
43.6 




• 




1? 


47.4 

< 


. -33.4^ 


23.5 


13.5 


3.4 , 


42.5 
























- \ 






L -10' 


UC. 


aat. t 10 


Ul. 20 


Vert. 






-Jm7^21 (-19.9) 
' 21 (-19.9J 


7 . 

8 

9 
10 
11 


4 

3 


85.2 
73.? 
62.1 
- 52.8 ' 
4^.4 


53.S , 
'42.1 
33.4 


75.9 
62.0 
48.4 
35.5 
24.8 


r 72.6 
58.5 

, <4:5 

30.6 
17.6 


69.8 
56.0 
' .42.2 
*^28.2 
14*1 


65.7 
59.8 
► 54.^ 
50.0 
4? 0 




— ? 




12 


44.0 


30.0 


20.0 


10.0 


o*:o 


46.0 




' \- -I 


























rr 




1 Korir. 


1 L - 10 ^ 






/{it. ♦ 20 


Vert. 






^ Feb. 21 VlO.ei 
Oct. 21 (-10.7) 


7 

8 
9 
10 

n 


: 4 
3 

2 


! eo.7 

i 67,7 
i i5.6 


77.2 
$2.9 

j 

25,0 


J* 

7^,2^ 

6ors 
45.9 

31.5 
18.0 


■ nn / 
59.0/ 

44.3 
29.5 
14.8 


, 72.6 • 

58:^ - 
44.5 ' 
30.6 
^ "17,6 


74.8 
69. 0« 
63.8 
S9-.6 
56.9 




• ' ' I 




12 


34.0 , 


20.0 


10.0 


0.0 


10.0 


56.0 







Kar. 21(0.0)' 
^Sep. 21 (0.0) 



.-1 




, Kortz. ' 


-Mo 


Ut. 


Ut. ♦ 10 


Ut. « 20 


Vert. 


* 7 


5 


76.3 ' 


* 

75.2 


75.a_ 


' 75\?/ 


75.9 


. * f- 
84.0 


8 


4 




60.5 


60.0 


* 60.5 


62.0 


' 78:3 


'9 




49.8 


45.9 


45.0 


45.9^ 


' 48.4 


73.3 


10 




37.7 


31.5 


30.0- 


31.5 


35.5 


69.4 






23.1 • 


18.0 


^ 15.0 


18.0 


, 24.8 


66.a ' 


12/ 

1 


24.0 


. 10.0 


' oTo 


10.0 


K 20-0 


'66.0 , 



X. 



. 2iVn.9) 

. 2ll(*J2.1) 







iiortz. 


16' 


ut. _ 


Ut. +10 


Ut. « 20 


Vertf. 


k 




6 
7 

8^ 
9 
10 

n 


6 
. 5 

3 
2 
1 


^.3 
7T.7 
£8.0 
44.4 

1^.9-, ; 


83.0* 
73.5 

5S;9 
- 44.2 ' 
29r.5> 
14.8 


90.0 
75.3 
60.7 
46.2 
32.0 
18.9- 


92.0v 
77.6 
63.4., ^ 
49.7 * - 
36.8' - 
26.2 


93.^ ' 
' 80.2 
67.0 
54.4 
43.2 
14.9 


j6o.6 

94.6 

84.4 

80.7^ 
,78.4- 












. 11.6 


21.6 


31 ;6 


77^6 } 













«orlr. . ^ 


L/10 


Utl 


Ut^f 10 


'Ut. ♦20 


Vert. 


6 
















juv 21 (♦p.a) 
Jul 21 (♦20,5) 


1 

8- 
9 

10 

n 


5' 
4 
, 3 
2 ^ 
1 


68.8 

55^4' . 

23,0 
• 14.5 - 

. 4.0 


72.6 / 
--58^$ /, 
44.5 . 
30.6' 
17;6 

10.0 


, 75;9 
^62.0 
" , 48.4 
/3S.5 

.20.0 


93;4 ^ 
. - *73.6 
? 66,2^ , 
' 53^^ ' 

44 

' 30;0 


. 90C- 
83.6 ^ 

^ '59.5'^^ 
> 4>6 - 
42.6 


102.3 
9^.9* 
'^92,^ 
88.9 
86:7 

86.0^ 


12 













^«n, 21, (t23.4£) 



H 

4 

3- 
2 
1 



12.. 



80.7 
67.7 
54.5 
41.0 
27.4 
13.7 

0.6 



86«0 . 
72.4 
$8,6 , 
44,9 
31. 6^^ 
19^7 

13:4 ' 



' Ut. 



90.0 
76.3 
62,7 
49.6 
37.4 
27.6 

23;C 



UtV ♦' -ID 



94:0 
80:5 
67:5 
. 55.8 
• 44,5 
36.5 

33:4^ 



1:«^>:2Q- 



^72.8- 
6%7 
52.4 

4X4 



111.3 
105.5 
lOO.t- 
95.7 
92;3 
90.2 

89.4 
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A,8_lAriTUDE 3^2"N, mWDENT ANGLES FOR HQRIZONTAL 
AND SOUTHjpftCIH&.TllI^D SURFACES' 










C - 10 




, Ut.- ♦ 10 


[ 1 

Ut. ♦ 20 




8: 

9 
10 
U 


2 
1 


79.-7 - * 
57.3 f 


' 67:S " 
55.3 

1^36:5 


49.6 
37.4 
27.6 


T*^ 

58.6 
44.9 

. 31.6 


55.4 
i 41,8 
28.0 
. 14;3 


54^5 
J40.7 




55i4, 


• .3.5 


:v.. •, 

. 23.4 


^ 13.5 


3.5 


34.5 , 



J««. ?r M9.9) 
Nov. 2) Ha.9) 







' HorU. 


JL - 10 




Ut. 10 


t«tv ♦ 20 


1 ■ 

Vertc 


7 

9 
10 
H 


5 ' 

4 

3 
2 
1 


83.6- ' 
77.5- 

59.4 

53.9 


79.6 
66.2 
53.5 
42.) 
33,4 


• ' 75^9 • 
• 62,0 
48.4 
35.5 
24.8 


, ^ 72.6 
, 58;5 ■ 
44.5 
30.6* 
17.6 


69.8 v 
56.0 
».^2.2 , 

14!JX 


*43,8< 
39.6 


12 


5*2 Q 


30.0 


20.0 


10,0 , 


0.0 


38,0 



f«b.;2K(-l0.$): 



12 



82.9 
71.0 . 
60. r 
50.9 
44.4 

42.0 



77.2 
62.9 
49,0 
35.9 
25.0 



75,? 
€0.T^ 
45.9 
31,5 
18.0 . 

^ 10.0^" 



♦ 10 



73,7 

59.0 

44.3^ 

29,5^ 

M.a 

.0.0 



72.6- 
58.5 
"44.5 
30.6 
17;6 

ib.o 



73:6 
65.9 
58.9 
53.2 
49.4 

48.0 




. 2rb.o) 

..21 (O.oj 



i^^t*'^^-? V ,- 
Ki^/^<?^.^;<^'"'l"' 





i 




I 10 J 


^ Ul. 


Ut. t 10 ~ 


ut. ♦ 20 . 


1 ' — \ 

Vect. 


7 

8, 

10 
Jl 


5^ 
4 
3 
2 

^ 


77,3 
64.9 
\ 53.2 
•4?. 7 
^ 35.0„ « 


75.2 

45.9 

3l;5 
IS.O 


- 75.a 

*-60;0 
M^SO.O- 

■ 

0.0 


75.2 

60:5 
, 45.9 
^ 31,5 ' 

m:fl 


,75.9 

62.0 
; 48.4^ . 

35.5 - 
' 24.8 , 


82.1 

62.7 
•-59.2^^ 


12 . - 


32.6 


10.0 „ 


10.0 


'^O.O' 


58.0 



/, ^^^^ ; ' : ."B 



ApK 21 (♦U.9{ 
Aug. 21 (+12.15 



i-. 

11 



83.9 
71,2 

46.1. 
- 34.3- 
24.6- 

20.4- 



t - 10 



Ut.. 



90.0- 
75:3 
60.7 
46.2 
32.0 
«^)lff.9 

■n.6 - 



Ut. ♦ 10' 



5f':o' 

77.6 

3$. 8 
2^.2 , 



T 



Kay ' 21 (♦20.3) 
JuU 2r (*.20.5> 



12 . 



- 79..6 

6r.2 

" 41,9 
29,4- 
18.0 

12^6 



10^ 



*.,86,6 
72.6 
58^.5 
44; 5 

30j6. 

i7!6r 

'^10.<^^ 



;Ut, 



♦/io' 



90 jO 
75,9 ^ 
6^.0 ^ 
48V4 

35:5- 

20.tf 



-93.4-^. 
^79.6^' 

t':^63!5. 

^42a 

_ 33.4 

-.30.0. 



Jtftr. 21 (♦23*45) 




fV 






t 10. 




.ut'^.*ri6. • 






6 
7 

'/8» 
9 

ulO 

n 

.12 


5 
2 


77.8 
.65v7 
, ^3.1 < 

40.4 
*^ 15.8 

., . 8.6 ; 


" -86^.0 

72.4 
^8.6 

•44.9 . 

19.6 , 
^13.4 


'9o;o> 

76.3 
«2,7 
49,6 
37.4 

• 2M 

23^4 


^4:o' / 

80.5 / 
V 67.5 / 
" 55. ' 

44/5* ' 

■/ 33.4^ ^ 


^ -9^i8 ' 
85f0 . 
7t8 "* , 

. 61 ;7'- - 
52.4 

, ' -4^5;8; ^ ^„ 

' 4. 


169.7;* 

t02;2 
\95.4 , 
>k89.6; 
85.t 
82j4,> 






. ^ si,... 



TABLE A9 LATITUDE .W^N. INCIDENT ANGLES FOR HORIZONTAL 
\ , AND SOCml-FACrNG TltTED SURFACES ^ . 



0€C. 214^23.45) 










L^tO 


Ut. 


, Ut; ♦ 10 


.Ut. ♦ 20 


I 

Vtrt. 


.8 
9 
10 
H 


4* 

2 


* 84. 5 , 
76:0 * 
69; 3 - 
6$.0 


^67.5 

>$5i3 

36.5 > 


62.7' 
49.6 

- '37,.'4 
, 27:6 


i f 1 

> 58.6 

44*9 - 

^1.6 

. 19.6" 


' i 

55.4 

^l-,8 
y 28.0 
/ 14.3 '\ 


53.2. 
,43 i 8 
35.4 
29$ 0. 


n ^ 


63.4 


«3.4 


23,4 


13.S^^<' 




26.6 ^ 














Ko>$z. 


t - 10 " 




U|. ♦ 10 


Ut. + 20 


Vert, 


8 

.10 
11 


i 


^ 81,9 ■ 
73.2 
66.2 • 
61.6 


66.2 
. 53.5 " 
42.1 - 
33.4 


"«.o 

48.4 
35.5 
-24.8 


58.5 
44.'5 ' " 
30.6 
17.6 


■ 56.0 
«.2. 
28.2 
14.1. 


55,7 
46,4 
38.3 
32.3 


1? 

/ 




60.0 


30.0 


20.0 




0.0 " . 


30.0- 


/ ' . . 






(— > ' - - 








L - 10 ' 


Ut. ' 


L«t. ♦ IP 


L«t. ♦ 20 


I 

Vert. 


-V 

7 
8 
9 

10 

n 


5 
4 
3 
2 
1 


85.2 
74.6 
65.0 
57.2 
51.9 


77.2 

62.9 
49.0 ' 
35.9 ' 
.25.0 


75.2 

6g.5 

45,9 
31.5 

- ' ,18.0 


73.7 
59,0 
44.3 - 
. 29.5 , 
14,8 


72'.6 
58.5, 
44.5 
30.6 
17.6 


72.7 
63.3 
59,5 
47.1 
41,9^ 


12 

^: 1 — ! — , . 


50.0 

/ 


20.0 ' 


10.0 


0.0 . 


10^.0 ' 


40.0 









L - 10 


.tat/ , 


Ut.'V 10 / 


l*t. +:2Q^, 


, Vert. 


8 

5 / 
10/ 




^8.6' 
67.5 

Ma 

/^2.3 
. 40.0* 


75. 2' 

•;60.5 

3I.5^'K 
18.0 ' 

10.0 


^ ' 75.0 ^ 
' 60.0 
45.0. 

? 30.0 
" 15.0 


75.^ '^"^ 

60.5 
'45.9 . 
'31 :5 < 

18.0 

10.0 


' 75.9- 

62.0 

48.4 

35.5 • 
" 24.8 

20.0 , 


80.4 

71.3 
63.0 
56.2 
51.6 

50.0^ 








/< 


Horlz. 


L * -"lO 


Ut. 


U^t.* ♦ 10 


Ut. 20 ' 


' Vert. ' 


7 
8 
9 

10 

,2 


6 

'4 


^,<gB2 6^^^^ 
^> 7^1 

/48.7 
^ 38.8 
J1.3 

.28,4 


88.0 . 

73.1 V 
58.9 / 
44.2/ 
29>$ 
U.8 

/ 1.6 


/ 9o;o 

75.3 

-32.0 
18.9 

11.6 


' 92.0. 
63.4 

49<7- / 


" 93.9 , 
80;2 

67.0 

54.4 

.34.9 


.-98.9 , 
89; 5 , 

> 80,7 
73.1 

,67.0 

^63.0.. 

: 6K6* 




















\L T 10 


" t « t V *: 


^«t;'"**,10 


^^tit.Ct'^- 


Vert^ 


5 

. .6^ 

kl 

'10 , 


6 

5 V 
4)/" 

^ 1 


/ 77.3 / 
66.0/ 

43.2 

2d*o- 


' ♦10OV4 t3 
-.86.6 
72i6, > 
^ 58;5 

,44.5 : 

30.6 . 
I *7.^ 

* lo.o^y; 


. ^104 :1 ^ 
90.0/ 

^ .75./ 
62^ 

/35:S ' 

> ^ 


^ 107.4 

93.4. : 

79*6- 
' -J66':2 
53.^ 

*:42.i 

' ' 30.0 ' 


^ 110:2 

96;7 

83.6^ ' 
*7l.'lf , 
59*5 
49.6 . 


105.2 
' 96.1 

. eu/ 

.>743 ' 

^^71.2: 

>70';0,' 







HoVlt^ 


10A^ 




a*t.";^to'" 




r; — TT 
f^Vert^... 


? 5 ^ 
-6 

7 

8 

9r . 
10 
)1 

f 12 


7 . 
- 6 , 
5 

4 ' 
-^3 

1 "~ 


"^85*8 / 
75.2/ 

52:6,'^xyS 

/ 30.-24^ 

16,6 


'99.5 / 
86;0/ 
72./;^ 

.58.6 
44.9 

- 31^6 , 
. 19*6. 

! 13.4 


^ i03J 
90.0. 

rr.l76;3 
;^::^62<7'/ 

/^>?.49.6/ 

^2^6^r 


67.fe/^ 5 
55.3^ 


•^iii.i ^ 

r 97.8' 
'85.0 
72.8^ 

;^./:61.7^ ' 
52.4 


viiV.i; 
107;7| 
98:8 
90.6 
83;6 
^78.1 
' 74.6; 

^73.44: 





t.1.. . 



fey 



*ABLE Aio UTITUDE ^8^^. INCIDENT ANGLES- FOR HORIZONTAL 
• AND SOOTH-FACING TILTED SUKFACES 











Kortl. 


L - 10 


Ut. 


\ 1 

lit. ^ to 


l4t, * 20 




• 






V 






9 

10 


z , 


fi2.0 
76.4 

72,7 


44.5 

36. S 


49.6 
17.4 , 
27.6 


44.9 
11.6 


% 4) .8 

' 28.0. ^ : 

14.3 


41.6 
31.1 
22.^ 














7t,4 


».< 


2h4 


13.5 


3.5 


18.5 














































. 10 


l*^ . 


l«C. • 10 


ut.' ♦ W 


Vrrt. 












. ''^ 

J*r». 2» (-19 9^. 
Nov. t\ (•I4>9) 
'I « 


' 8 
9 
10 
It 


? 


^'J 0 
73. J 
W ) 


56.?, 
5)t5 

33.4 ■ 


62.0 
<S.4 
)5.5 
24.8 


58.5 
44.5 
30.6 
17.6 


56.0 
^42*2* 
28.2 
14.1 


54.7 
43.7 
3J.5 
25.4 


» 




Si; 






ft 

V 1 

r . 


J 


I- 


68 0 


30.0 


20 0 ' 


" '10.0 


0.0 


22.0 











Oct. 21 (.10 7) 



H*r ?l (0.0) 
5*P.'21 (O.O) 









I - 10 


Lit. 


l*tv . 10 


Ut. ♦ 20 ^ 


V{rt. 1 


; 

8 
9 

10 
J' 

-J 
*. »J 


5 

'4 




87 6 

;8 4 

;o ) 
fcj 1 

58 0 / 


■77 2 
62 9 
49.0 
15.9 J ^ 

20.0 ^ 


J- 

75.2 ' 
60.5 
45,9 
X 3t.S< 
>?8.0 

10.0 


73 r 

59 0 
. 44 3 

29.5 ^ 
, 14,8 

0.0 


72.6 

58.5 
«4.S 
30.6 
' 17.6 

10.0 


•72.2 
61,2 
50.7 
41.4 

.... 

32.0 














I r »0 , 


in. 


l*t. ''lO 


Ut. V20 


Vtrt. 


7 
A 
9 
10 

n 


4 


. AO 0 

»6J e - 
54 fi 
49.; 


7s/2 
40 5 
45.9 

18.0 


75 0 
60^0 
45,0 
30.0 
15.0 


' ' 75.2 
'60.5 
45.9 

18,0 ' 


35,5 ' 
24.8 " 


^ /'8.9 
68.2 
58,3 
'49>9 
44.4 


f 


48,0 


lO.Q 


,0.0 


10.0 


'^20.Q 


42,0 



Apr, 21 (*U.9) 
Att9. 2> (♦12.1) 



21 (t^O,)} 







fiorlt. L 


I - 10 ' 


.... 


't*t.^* 10' 


y^W^ 20 


Vert. 1 
















,97 ,> I 


- 6 


6 


81 4 


88.0 


90,0 g 




93.9 


7 


5 


71.4 


73.5 


75.j;J| 




80.2 


86.9 1 


8 


4 


61 55. 


58,9 


- 60.7 ^ 


63.4 


67.0 


76,7' 


' ? 


3 




44,2 ' 




<$,7 


54.4 - 


*'*7 1 


10 


t V 




Z9.5 ' 


32.0 


36,8 


43,2 


60. 3 J 


11 


1 


'M.5' 


J*.8 


^8.9 - 


26.2 


34.9 
















' 5S;3 j 


12 


'36^4 


, 1,4. 


n,6. , 


21. i 


3M 

























Horn. 


I / 10- 




Ull * 10 \ 


:Ut. ♦ » 


-Vert*' 




5 


7 


84 8 


100,4 


'104.1 


102.4 


110.2 , 


114;? 




6 


6 








, 93.4 V, 


^ 96,7 


' 103.2^ 




7 


5 




* 72 « 


75.9 


79.6 


.83.6 


92,8 




8 


4 


55 4 


58,5 , 


62.0 


66.2 


71.1 


' 83 J 




->9 


.3 


45.7 


44 5 


43.4 


53.5 * 


59.5 


74.6 




10 




37,J>. 


<)i).6 


35,5 


^ 42,1 ^ 


49,6 


. 67:9 




n 




30.5 


I7.fr 


2l;8 




42.6 . ; 






12- • 


;8iO, 


)tf.O 


20.0 


■ '30.0 


4o;o '^^ ^ 


\ 62.0 





.14 











.^l - 10 


JL4t. 


,Utv ♦ 10 ' 


';utV>'*2? " 








Jwi»1m?(^J:45) 


5 
7 

'5 

10 


4r 

■ 3' 


82* 

1 61 0 
V 52 9 

s 34 2 
r 2rJ< 


99.5 
86.0 ' 
72.4 
15%. 6 
44^9 

J1.6 
19,6 • 


103,7: 

r 90.0 

«^3. 

62,7 ^ 

49^6 
. ,37,4 , . 

,s n,6 


'J07,6. 

94;o. . 

80.5 
. .^67^4' 
55,3 

46*5* 


.9>.| ^ 

85;ft 

^2/8 V 
61;> 

«.4.^- 

43 1* 


.cr*.3 

-105.4^ 
95.2 
i5v7' 

. <7lflt 
66.9 


- 








24 i 


114^ 


21 4^ ^ 


■^1,4 































^<...-f.C-- .v^j,^-*' • > 



1-75. 




'"J 



^BLE All lAtlTUDE INCIDENT ANGLES FOR HORIZONTAL 
^ ^ ' :AN&'SOyTH"FACINd' TILTED SURFACES 



Si* 



u 21 (-19 9) 
. 21 (-19.9) 



. Jin. 21 



F«b. 21 (-^0.6^ 
Oct. 21 (-lo.;)' 




Mils 21 (O.Ql 
S«p. 21.(0.0) 



< 






A - 10 ' 




(.«t » to 


Ut. • 70 




9 

) 10 
Ml 


3 
7 
1 


4 


44/5 « 
36.5 


49.6 
27.6- ' 


44,9- 

'31.6 ' 
1M 


41.8c. 
28.0 ' 
14.3 


40 »S 

28^2' 
16.6 




















7?.4 




* 23.4 


13,5 


3.4 


10.5 
























,1 - 10 




Ut • 10 


Ut. » 20 




. 10 

n 


:r 

• 2 

1 


80 1 
/V 1 


42.1 
33,4 


48. 4 
35.5 
24 8 


44.5 

3(h6 

17.6 - 


42 2 

' 28! 2 
14.1 


42. 1 ] 

30 0 
^9*3 


1? . 


' /6 0 



30.0 


20.0 


. lO.O 


0.0 


14.0 1 










« 




f 










I ' to 




lit > 10 

— 


ut » 70 


¥Crt 


d 
■ 9 

► 10 

\\ 


A 

) 

2 
I 




62 7 
. 49 0 

>»> 0 

25.0 


60.5 

45 9 , 

31.5 

18;0 


59,0 
44.3 

U.8 


58.5 
■ 44.5 
30.6 
.17,6, 


59.6 
47,6 
36.5 
27,7 


n 


66. 0 


20 ,o" 


IG.O 

- 




MO.O 


24 .OS 






































I • 10 


u\. 


Ut. ♦ 1Q ^ 


tit. • ;c. ' 




7 
8 
9 

10 
11 


$ 
4 

3 
2 
1 


8i 7 . 
73 9 

61J9 
57.3 . 


7J.2 
60.5 
45.9 
31,5- 
18.0 


75 0 
60.0 i 
45.0 
30,0 
15.0 


75.2 
60,5 
45.9 . 
3il.5 
18.0 ' 


•75.9 
62.0 
43.4 
35.5 * 
. 24.8, 


" 7;.6l 

66.0 1 
54.1 
44.1 
36.8 ^ 


" 12 




10.0 


0.0 


10.0 


- 20.0 


34.0 1 














\ 






1-9 











I - 10 


lit. 


lit.^« 10 


Ut. « 20 


Vfft. 


' Apr. 21 (♦11,9)* 
* A«$. 21 (♦12.1) 


5"" 
6 

'7 

9 

10 
11 


n 

.6< 
5 

2 


8<J.6 * 

eo.4 

72 0 
63-9 
S6.4 
50.1 
15;9 


102,4 
63.0 
73 5 
,58.9- 
44.? 

29.5 . * 


104.7 

90. a 

' ^5.3 
60.7 
'f6.2 
. 32.0* 
,18.9. 


ID0.5 
92.0 

,,63.4 ' - 

49,7 
; 36,8 

^6^2 


. 107-9 

93.9 

80.2 ' 

67.0' 

54.4^ 

43;2 ' 
,/34.9 . 


100.8^' 
96.5 
84.4 
- '7.9. 

62.5^ 
^ 53.8' 
. ,47.8 






< . 


. ,1.6. 




21.6. 


3U6 


. 45.6 



H4r 21 i'20.3> 
Jul.. 21 (•20.5) 
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^v|c^^l>5^^#^>§l^^vrf^f^^^ I'LL,' ' - ' ^ . ' v. 

-^/f^. .Table A13- Test .Data to be Recorded. 



fA^J-^^f/f^'-^'- ^ * ' • < • . 'I ■ S.Li''-*' 



B^v. >;v-.>'>,t- . ' <:> - . ' * ^ . 5 " > 'rf 

Ho H -TJ V-4 

■ ' -J _v_ 

4,<,x:,^:- . ^ ' ~ — 7-- ^ ' r-^ ' • 



Bate v. ^ X ' ic' 



' : ' Observer (s) r " \ X \- X 



' KqjLiipment i\ame plate data . - X X ^=3^.^' 

i/'k^^'-^^ ...... 



Collector tilt angle / ' * ^ - x\ X 



W^ti .^/T / - Gqllector .Azimuth angle isLs a function of'tlme^'if 

|*|*i^^>,^ ^ '. Co llecdor, aperture area or frontal ' cranspareat / , " ^ ' 

|^>>>,t,:.] ' warm-Up aiiid at the beginning and end 'of, each" 15 n,' 

|?ll^'/l:^V C ' ininute test perdod^ < • '\ ^ X. 



Loqa'l* Standard time, at' the beginning of collector" 



pressttr'e^ 



ftl^^fCv^l .V '^-^^ ten^perature (at the beg^3.tming anS endT 

|^^^5^r5^''i:0^ 15;:inii:iute test period) • ^^^^ 

l^^^^l^gf^^^^ (eithi^r as ^ ^ - -v,.v.-. 

I^'^^^^^^l^x;* v4 Vo;|i^:imadus? function of tiirra^or as 15 *mtnute^ f^^* * / . 



K'>>!^':e;<if^ tempe£:ature, tc ^ f^s a continuous^futiction , 

V ' - • ' ' ' ' • \'" ' ' - 

^i^^^JrV^^^^ tc , (as.. a. continuous function wi^ 




Table A13 continued 

♦ «i 0) - 

u C 

/* » • ^ -H •> ' 

• < iXi u 

* ^ , V4 o H 

" ' » , \^ ^ ^ ^ ■ * 

* , ' » > H <TJ 'H 

C3 C n 

f - y . jC /'H 

Liquid llow rale . , ' X 

Gauge pressure at solar collector inlet ► * ' • X 

Gauge pressure^ at^ nozzle throat v . X ' ^ , 

Nozzle tl>r6at diamefter * ^ ' X 

Veloctty pressure at nozzle throat or static^pres- 

s^ur§ differ^npe across nozzle , ' - X ' ' 

lb temperature a-c nozzle throat ^ 



' .-^ry bulb temperature a4: nozzle throat X 
Wet^bulb temperature at nozz'ie throat ^ * ' • 



Pi/essure drop acros^ solar collector - . ^ X* ' X 

Height^of the collector outlet above the cSLlectfor y ^ 
dnlet X 



''^^^^jjnd-. velocity^ the- colT^ttof'lsUr ^ 

^^'erture (15 minute average) - w. '.^ X X 

I, the inciden'S^'solar radiatioVi pnto the collec- . . / 
' • tpr. (as a continuous funcfbion of time and as a 

15 minute integrated quantity if desired) ' X - X 

I^, the'diffffse component of the solar radiation 
.;J-ontp the, collector (at the beginning of the 15 ' ' 

. ^minute petiod' and after -the completion of fche . ^ 

15 minjite period)/ • ' . X. 



■ ..^ Xjable A14 Data to be Reported 

, General Info'rmation * ^ ^ * ' ' - 



M^uiufacturer or^Prc^ject Naj^^^^,.^. 



Collector Model No. 
Construction details of tlie collector 



gross dimensions and are^ . . 

Ij'-fcfe* ar'eia o'f absorbing surface, ^ 

'^.^ , cover •plate", dimensions , "mater ia Is , optical properties (if known) . 

' \ refleptar*, dimensions and shape , -materials , /^^ical ' properties (if 

known) . . . / ^ 

^ absQj'ber plate, dimensional layoivt and configuration- of flow path,- 
absorptivity to short wave ^'radiat ion (ijf^known), emi'ssivity for 
long wave radiation (if known), description of coating (Including 

maximum allowable temperature if -^nown) . ; . t 

^ air space(s)*, thickness and description of contaified gas or con- 

struction - . . ^ 

i' '= , insulation*, material, thickness, thermal ^roperfies' 

s-v'!',' * ■ * • ^ - ' 

' ' ^ , Transfer fluid ^used ^nd^ its propisrt^ies \ . . . 



2 . ' 

Weight of collector per m of gross crosa-sectional area 



1'^. ' " Volumetric capacity CJf the collector per m of gross cross-sectional 

t'\ " ' area if designed to operate with a liquid as the transfer 3^£luid 



Normal operating temperature range 



Minimum transiei^^^fluid flow rate 
Maxi^num trai>^fer' fluid flow rate 
7^'MSximlim--bper^tihg''?pr^e'ssure * . 



Description of apparatus, including flow configuration and instrumen- 
tation used in testing (include photographs) , . . \ 

Description of the iQounting of tHe collector, for testing . ^ . \ . . . 



Location of tests (Ipngitude, latitude, and elevation above see -lev^l) 
^Efficiency Tesfes ' * ' • * - / . . / 
.A^lpt of the efficiency vejsus f^f.l ^ ^f^e /^a.jf/.i( / ' 



2' 



22.8 



^^^^^ 




* - 

An equation for the efficiency curve 
For each "data/point"^^ * 

rii . • 



pressure drop aotross'the solar collector r • 

collector tilt angle . . ' ' ' W \ ' ' ' • ' 

collector azimuth^^gle (as. a function of time, if Movable) . y . 

incident aMie i ' 

inlet f lulcF temperature, •^tf^i V r/ ' ' ' ' ; ' ' ' 

percentage of incident radiation that- is diffuse 

wind speed near the collector .surface'.or aperture 



229. 



AMBIENT TEMPERATURE 
^. • SENSOR 



PYRANOMEJER 

RiGHT ANGLE 8EN0 

\ 



WelPContoining Temporaturo 
; Measuring Devices Immersed in 
.Light Oil* 



WgHT ANGLE 




Well Confalning Temperature 
Measurih*g Oovfces immersed*! 
.Light Oi! • ; 



Configuration for the Solar Collector '^JRen'the Tranfler Fluid is *a Liquid 
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Figure A2 Testing Configuration for the Solar Collector yher>' the Trahs^fer Fluid is Air 
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Figuje A3 Schematic of "the Thermopile Arrangemi 
-.^ V /Across the Solar-Collector * 




I^Measure "the Temperature Difference 
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, Figure AS Sch^natic E^epiresentation of the "l^iure^^ Drop Across' tM Solar Colleetor 



When "Air is tHe|3:^ransfer. Fluid 
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1.23 m by 0.76 m Air Heaters*:' ' 
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ure A7 Efficiency .Curves for Twe Flat-rPl'ate .Collectors Using , . 
Air as the Transfer Fluid (reference [24]) 
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Figure^A8 Efficiency Curves^ foi Two Flat-Plate Collectors Using 
Air' as the Transfer Fluid (reference I24]) 
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Figure A9' Efficiency Curves #3r>:.Two Flat-flate Collectors Using 
Air as the Tiransf ei^'Vlyif^f .(.r-ef ererice [24]) 
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Figure .AIO' -/.kf ficiehcy Cuhfe- for a/Fitc-Place Collector ' / 
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Figure A13 
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7. Appendix B - . 

Method of Testing for Rating Th'ermal Storage Devices 
Based on Thermal Performance 

''^ • ' SECTION 1, PURPOSE 



\ 



The purpose of this standard is to provide a standard procedure for 
determining the themaj.' performance x^f thermal energy storage devices 
that are used in systems to provide the thermal requirements for 
heating, cooling, and the generation of domestic hot water in ^ 
'buildings/ 

" SECTION 2. " SCOPE 

♦ ' I 

"fhic standard applies to seasible-heat and latent-kpat type thermal 

*enex'gy storage systems. In addition, it is limit^^ to tjiose- stprage 
devices in which a fluid enters the device tiirougH a single ^in^et 
and leave's the device through a singl*e outle^^ Storage devices 
having more than one inlet and/or outlet may be' tested according to 
this standard, but each flow coiffiguration involving a single inlet 
and a: single outlet must be tested separately^ This standard is 
not apj^icable to tho.se configurations in whicn there is simjljtan^'eous 
flow 4nto the storage 'device through more than V)ne inl^t^-'O?^ simul- 
taiieoas flo'^out of Che storage - device through ^mm'^^han one outlet. 
The fluid can be either a gas or liquid b^vt^'not ^ k ;nixture of the two. 

This standard does n'dt address "factors ^relating' to , cost or consid- 




^quired for a comple 
^energy storage system. 



3 ^/Ihe i:est proced~tU'e and^ equipmen): out'lJn^d, ir^, th^s staadard iai*e most 
; ; .?asi,ly ^vd.^xp\^;blt^ tc tiierm^. ^nejt\'7;/', stor^i^e system having c^paciti^s 
' '"ou the order \oi' 10 <. J (lo^ §tu)' or^ lea's. ^ , ' / ^ 

' , ' ' ' t>£ CTI0N' 3.' DEFBIITiONS ' \' - ' ~ ' - - J' ' 

1 . A^^BIENT- Alh * ^ . . ~ ' ' . ' 
■■ " '■- ^ — " , ft ^ 

Ambien't air is the -air in the space surrounding the thermal energy, 
' storage System. ' " / ^ - . 

^- -Cycling of a lat-ent-hea^ type storage devia.e is a ^Irocess in. which 
' ' tjie" temperature of^\he system Is raised and lowered in a cyclic, 
manner and 'the phase of .the':' storage mediuin, i^ , changed twice in each 

temperature cycle. - ^ „. ' 

196 , ^ " - 



i 



'W^%h i3«.3 ■ EFFECTIVE CAPACITY. POR HEAT REMOVAL 




^ Ihe effective capacity for heat removal is "tfte, amount of^heatw 
that can be removed from the storage system during ar -period of 
time equal to the _f ill" time* and for a specific set o\ values for 
tji^, "the initial temperature of the storage system; At, th\ 



temperature difference between t-; and the temperature of dhe 



entering fOfuid; and 
the st:or^ge^system. 



m, .the mass flow rate— of the fluid th/oug 



3-^ EFFECTIVE CAPACITY FOR HEAT 5T0RA(}E 



the effective capa^l^^y for heat storage is the amount of heat 
that can be stored^l/i thp storage system during a period .of 
time equal to the: fill ^time and for a specific set of parameters 



3,5 



tj[. At and m 



FILL TIME 




3,6 



.-The fill time the duration af a single transient test as 
- t^pecified in Section 8 in which energy is e,lther added or extractt2:d 
.from the storage' system. - ' xi^^^ • 

RiXTE OF HEAT LOSS' - - . * * ~ ' - ' ' - 




The heat loss rate is ^l^,^ate that heat is lost from the, 
storage system per degree ^ tempera.ture differ^^nce between the stor- 
age medium temperature and the average ambient air temperat-ure. 



STORi\GE CAPACITY 




The storage capacity of a thermal .en'ergy stii^^^p system is ) 
^A^fXvie.d. as the he^ff th^t can.be stored ir#a system undergoj.ng' a i 
At increase in temperature from its initial value tj^.- ^ v 



i,8 • rERF0RM.^u^JCE,C06FFTCIEivlT' FOR HEAT REMOVAL 



^ ^ Xh.^^tperformance 'coefficient for heat -remoyaU.a the^ ratio of the 
^effective capacity fox heiL rfem^>xral the -^imount of heat that ^ 
. _ eouid be removed -from an e.qual volan^e of water in^au id^al tf 
' wcter t<>nk undx^r the same conditions, ' ' \ ^ 



191 



252 




3.9 



3.10 



Performance coefficient for heat storage 



DKe perfarmance coefficient for heat storage' is t^e ratio' of the 
iffectiv^ capacity f dr. heat storage to the amount of heat that 
couldlbe stored La an equal volume of water in ^au ideal - 
.water tank unde*\ the same conditions. ^ -V^ 

\ ^ ' : . 

I STANDARD ,AIR- . . . • , • 

3 3 " • * 

Standard air is air weighing 1.2 kg/m (0.075 Ib/f^ ), and is 

equivalent in density to dry 3ir at 'a temperature of 21.1^0 C70^1ET 

and a barometric .p'ressure of 1.01 X 10^ N/m^- (29.92 in. .of Hg.). 



3;il STANDARD BAROMETRIC PRESSURE 



i:01 X 10^ N/m\ (29.92 in. of Hg.) 



3.12 



STORAGE MEDIUM 



The storage medium is the material in the storage^s^ys tem in 
y which the major portion of the e'nergy is s.'tored. 

3^13 STORAGE SYSTEM 



The storage system is defined as the container(s) plUs 33^ contents 
of the container(s) used for. storing thermal energy in a system. 
The transfer fluid and other accessories such as heat exchangers 
withia the thermal storage container(s) are considered as part 
of the storage system. 



3.14 SPECIFIC HEAT 



The specific heat of a substance, is the quantity of eftergy neces- 
sary to produce a unit change in temperature of .a unit? mass? 

a. 15 - TRANSFER FLUID'. ' ' ' 



4.1 



The transfer fluid is the fluid that .jgarries energy in and out 

of the ^stjo^ age -system. ' " * * 

( , " -I SECTION 4.- CgpHlFICATIONS ^ ' -^^ , . 

In Ih^y standard thermal energy storage systems are^^dlassif ijed 
according to the method they use to store .ener.gy an3* the typ^g of 
transfer fluid they' employ. jl' " ^ ' \\ 





4.1.1 



Sensible heat storage systems are those in wljich the heat 
absorbed b)r"^ij;removed 'from the system results in an in- 
crease or decrease in the temperature of the storage medi- 
um and there is no change of phase of any portion of the* 
storage medium'.^ ^Typical syst'ems empl<3^ pressurized water, 
unpre^surized water, rock, brick~or conVete as the stor- 
age jnedium. ' ► . , 



5.1 



5,2 



5,3 



5-4 



RJC: 



Latent -heat storage systems are those involving a chang*e 
oj phase of the storage medium. In this type of system, 
most of the h^at added th or removed from- .the' systein goes 
into changing the enthalpy of the storage medium during a 
change of phase process. 'Som^e heat is also stored a^ sen- 
sible heat^ since charging and discharging of tfie storage 
device usually invo:(ves a finite change in the temperature 
of the system. - " ^ ^ 



4.1.2 



A storage system will use ei 
the transfer fluid. The 
wa*ter-ethyle'ne glycol^olutions 



her a liquid or. a gas as 
common liquids are water or a 
The most common gas is air. 



S&CTIQN 5 J REQUIREMENTS 



r 



r " * ✓ 

This standard covers only those thermal energy storage systems 
that can be treated as 6lack boxes and that do not ^Iter the 
^phase or :comt>psition of t|ie transfer fluid passing through them. 

Latent-heat type storage systems evaluated under this s-tandard 
shall have be§^^^ cycled (see definition of ^cycling) , through their 
^^^^^1^°^ pha^e: at least 30 times prior to being -=tested . 

- The transfer flWd 'u in evaluating the performance of ^a thermal 
' ^enei^y strof^g'^^irgtlm 6hail have a known specif 3c hea£ ihat varies 
^y' less thati +"-0.5%^ over' the t4mperature range encountered during" 



a test. 



.^9rje^t]ie 



J:0sfci^ of the storage system is performed 



if if ^ ^ 



' The\oom 

J f ♦'shall have^^i^s .temperature conttplied to tih^e e3?te-i\ttt^|£ \|ie' -'^"^ ' 
av^r^ge ^l^ie^t^ air >t^mpeirature t^, deterfflihfed by ^t^i Me^kge ^dl'^'^ 
the four^tem'peratures measured as^specil'ied iiv. Section, 8.9,- varies. 
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f'jSjjXOi- '. - ' ' SI- CTION. 6 . INSTRUMEyi'ATION 

-6.1 TEMt>ERATURI': MEASUREKlliNTS, ^ 



■ 6,1/1 Femperature measurements shall be made in 'accordance with 
^ ASHRAE' Standard 41-66% Part 1 [1]. * ; •> 

6.1.2 Temperature Difference Measurements Across the Thermal " 

-V S torage S ys ternf '^ * * Tl>e temperature* di f f erence of th-e transfer 
fluid acros^ ,^ie thermal storage system shall be'^measured ^ 
with: ^ • . * , - ' 

/ a. Thermopile (arr or liquid as the trans.fer fluid) 

f b. Calibrated resistance \thermometers con^e^zted in 
J^lsr " two arms\>f a bridge ^rcult ' (only, when a lit|uld 

*is the transfer flui^d) ^ 



/rhc accuracy and precision of xhe ..ins trumerj^ts-^nci their 
associated readout' devices shall iSb within the limits as 



6.1.1 
> follows: 



instrument Accuracy^ Instrumient P4;eclsion^*^ 



TempercJture " + O.S^C (+ O.^^F) + 0.2% (+ O.^op) 



Temperature +,O.I^t (+ O.20r) +^0.3^0 (t 0.2^10 

Difference - . 



6.1.4 In no case sMill^ghe smallest scale division of the 

instrument ins't-uument system exceed^ 2 V/2 times t;he 
specified precisid^ Iibr example, if the specified 
^ V. precision is 0.i%; (+ 0.2^p)>. the smallest scale 
^^Uvision shall n^i" (^^ceed 0.'25°C •(0.5°F)a ^ ^ 



6.1,5 THe ins.trui^^nts * s^iall b,e^ configured and used ijft 
accordance with' S.e'c titan 7. of;.t3iis standard.. 



6.1,6 When thermopile^ ar'e useci, they shall be consti>ucted in 
W^f^^' ' (Accordance with; ANS:l Stap<krd C96 • 1-1964 (F ]969)l2l. . 



^'^ The ability of the in^r-timent . to imiic^te the true value of the^easured 
q,uanttty. * , ' v •? f >>^iv ^ ^ ' - 

5^^^^ _ ^ . Closene&s ^j^f agreement an\ong rejijgated jrieaouremerits of the ^ame physical 
^|V' / ' / quantity, , ' ^' ^ ' ^^-^--^ - . - - ^^'^ 



" - LIQUID EL O W- MEASUREME NTS * 

^~'m^' ^^^cupacy of the lneter^fBcMag'a;caJalration, if 

'furnished, shall 'be ecfual' to or'Better than +1.0% of 
the m«isured vaiue^ ' . ' 

RE CORDERS AND INTEGRATORS* ^ 

6.3.1- S^trip^ chart recorders usJP^Shall have an accuracy equal 

to or-better than/ + 0.5% of the temperature dif^rence 

and/9:r; voltage 'measured for each test with ' the- exception 

^^^^^op"^^^^ heat loss rate test. La the test to determine ^ 

, the -heat loss rate, the a/:curacy of the ^ferip chart 

recorder siiali be eq^ual'to or bet?^r than + 2.0%. 

» * — 

6.3.2 Electronic integrators *used. shall have an accuracy equal 
to or better than +*1.0%*of thd measured value for each 
test with the exception of the heat loss rate test. In' 
the te&t to determine the heat loss rate, the .accuracy 
Off the electronic in^grator shall be^equal to* or better 
than + 4.0%. . ^ 

AIR iFLOlV MEASUREMENTS . 

When air 'is uSed as the transfer fluid, air flow rate shall be 
determined a$ described in Sec,tion 7. 

PRESSURE MEASUREMENTS ' ' . ^ , 

6.5.1 ' Nozzle Throat Pressure . The ni^essure, measurement at the 
nozzle throat shall be made with instruments tfi'at shaJ I 
permit measurements of pressure to within + 2*0% absolute 
• and. whose smallest scale division shall not exceed^2' 1/2 
times 'the specified accuracy [3]. . * 

6-5.2 Air Flow Measurements . The static pressure across the. 
nozzle and the velocity pressure at the nozzle throat 
shall be measured with manometers that have been 
calibi;ated and'are accurate to^within + 1.0% of the 
reading. The arefe-of the. nozzle shall be determined by,' 
measuring its diameter to an accuracy of + 0.26% in^ four 
places -approximately ^45 degrees apart around the nozzle - 
^ ' in each of two planes through- the nozzle throati', 5ne 

at the outlet and the o.ther iri^ th'e straight' section near 
the r.adius [31 . . 



SVS. 3 ' Pressure Drop Across the Thermal Storage System . Th^static 
^ pressure drop across the thermal storage sys^tem shall be 

y ' measured wlrtlu.^ manometer ijaving an accuracy of 2.49 U/vrr 
(0.01 in. of water). _ * ' , ' ' ' 



6.6:- ' T||}K JND MASS MEASUREaBNTS 



Time measurements and ma^ measurements shall be mideko aft - 
accural of + 0.20X 131.; ' ^ . z 



i SHCTI OM 7. APPARATUS AND METHOD OF TESTI NG- /" 



7.1 AlR AS THE TRANSFER FLUID 




The relative p#sition of the thermal energy storage, system, the 
temperature measuring instrumentation, tne aim flow measuring 
apparatus and the- reconditioning, apparatus is shown in Fi^ur^ Bl^* 

^T. I Te st Ducts . Jhe air inlet test duct, between the air flow 
measuring a^.^aratus and the' thermal energy storage system, 
shall have the same cross-sectional dimensions as^the inlet 
to the storage device. The air outlet test duct, "between 
the thermal energy storage ^system and the .reconditioning ^ 
'2^p?paratus, shall have th«--same cross-se^tionaJ. dimension! 
^ as the outlet of the storage device* - ^ • 

Temperature Measurement Across the Storage System^ A ther- 
mopile shall.be used'\to measure the difference be^tween the 
inlet air temperature ahd outlet air temperature- of th^ 
thermal' energy storage^ystem. It shall Be' constructeS 
from, calibrated type T thennpcouple w«;e all taken from a • 
single -spool .of wire^.^No extenslonlwir^s are to be. use^ 
in either it^ fabrication or installation. The wire ^ 
diameter must be no* larger than 0.5.1 mm (24 AWG) and the 
- thermopile shall be* fabricated as shown in Figure B2* There 
shall be a minimum of six jutictions in the air inlec test . 
duct and six jtinctions in the .air outlet tes.^ duct. These 
' junctions shall be located at the center of ^quai crcTss.- 
si^ctional areas. * 



7.1.2 



^The recbmmende^ apparatus consists of a closed loop configuration. An 
' opeaJLoop configuration is an acceptable alternative provided that the 
. test conditions specified herein can -be satisfied. * , 



i; 



^ ^ V i / 

During *al-i^ tests, the variation in temperature across the 
•air uxiex. siXd aix outlet te4t ducts shall be less than + 
0.5^G^(^ 0^9^<g/>/aX the location o.£^the thermopile junctions. 
Th^ Variation •$hall'b'<:j checked prior to to'st^ing utilizing 
instrupient^t ion and prQcedures outlined in reference [1]^^ 
If the variation exceed^ the limits at^ove, mixing devices 
^ shtfll be installed to achieve this degr ee of te mperature^ 
/unifonz^ty. Reference/^ {4} discusses the positioning and 
^perfortaance of sever^ types of ^air mi^^ers/ 



f • 



^ jThe me;^uring jimetion^ of t&e thermopile should be located as 
"near as^^ossible ty th'e inj.e't and outlet of the thecal energy 
, storag^ system.. ' Tiie ^ir inlet and air outlet jducts 3hail be insu- 
^ *'lated in such a rfanner that It'he calculated heat loss from 

these ducts to t?ne«ampient air would not result in a tempera- 
- ture change fobCjny te^t of aore than COS^C (0.09^F) between 
the cemperature igeasuring locations and the stofag^ system. 

f 

7.1>^'^ Dr y arrd Wet Bulb T emper ature Measurements . Thermocouples 
, -cv or other. dei^ices giving a continuous reading shall^ be used * . 
. to measureythe wet and dry bulb temperature at the locations 
^ *in the ai/ inlet and air outle t^duc ts shown in Figure Bl. 
- _ ASHRAE s/andard 41-;^6,. Part I (l ] sfiali be folioveJ in uak- . 
ing the94:'%easuritaents. 



7»i»4 Duct Pressure Measureme nts. The -static pressure drop»across 
the OTena^al energy storage sy5t^ shall be measyred using a 

eter as shown, in Figures &1 and B3.- Each side of the 
mandmeter shall be connected to four pressure taps that ar^ con- 
nected to an eSJternal manifold on tne air inlet^ and air outlet ducts, 
rue pressure taps should consist of 6.4 cEa (1/4 in.) nipples sol- 
to the. duct and centered over 1 csi (0»040 in.) diameter 
^1^^ '/holes. The edges of these- holes on the inside surfaces o£ the 

ducts should be free of buTrrs and other surface irregularities j > j . 



7.1, 
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Air Flow Measuring Apparatus . The air flow shalF be mea- 
sured with the nozzle ajjpaVatus. discussed in -Section 7 of 
ASraAE,^tandard 37-69 l3l^ As .shown in Ffgure B4, this ap- 
paratus Consists HasLcally of a receiving -chamber, a' dis-- * 
charge chamber an4 an air flow measuring ^zzle. The dis- 
t^nce from the center'^qf the nozzle to tjie s^cie walls shall"^ 
not be less than I," 1/2 ,times the nozzle thrqat diameter T*^ and 
diffusers shall be installed in the receiving chamber at. 
least 1 1/2 nozzle throat diameters upstream oF the nozzle 
and 2 1/2. nozzle throat diameters* downstream of the nozzle. 
The apparatus should Jbe de'signed so that the^nozzl'^. can be 
easily changed and the nozzle used on each "test shal!^ be 

' selected so that the throat- velocity is between 15 m/s 
(296Q fpm) and 35 m/s (690(1 fpmj. Detaiis on nozzle in- 
struction and'discharge coefficients that may be used are 

.contained in Section 1.2 of ASHRAE Standard 37-69 [3K 

V 203 . • 




^ exhaust fan capable of providing the desired flow rates 
'* through, the thermal energy storage syste© shall be installed 
^^^^ . in the end wall df the discharge chamber. The dry ^nd iVe£ 
_ ^ bulb temper.ature of the aic entering ttie nozzle shall be. 

"7 * .msasured in accordance with ASHRAE Standard 41-66, "Part I ' 

[ij* The velocity of*the air passing through the nozzle 
. ' . ^ sha4?l be^ determined by either measuring the velocity head 

by means op^-^a consnercially available?* pitot tulje or by mea- 
^ ^ - suring the static pressure drop across the nozzle with a 
manometer, If'ihe letter method is used, one end of rhe 
* Eqanometer shall be. connected to a static pressure tap lo- ^ 
^^ted flush with, the" inner wall of the receiving chamber 
^ • and Chemother end to^a static pr;es«^re tap located flush 
^?ith the inner wall of the discharge chamber, or prefera- 
bly, several taps in each chamber should be connected through 
^ a aanifold to a single raanosieter. A means Bhali also be 

provided fbf me^suVing the absolute pr'essure of the air in 
' 4 • xhTS- nozzle throat. 

7^1.6 Air Leakaee , Air leakage thrpugh the air fiw measuring 

apparatus, air inlet test duct, the thermal energy storage 
^syscem and the air outlet t^st duct shall^not exceed l.Ot 
of the measured aye flow, ^ 



w-Z^l.Z ..^ Air Reconditioning Apparatus , The reconditioning appar^atus 
\ ^ shall control the dry bulb temperature or the 'air 

entering the 'storage sysj:^ t(^ within 1..0^ (j; 1.^^) of- 
^ the desired test values at all times during the tests. Its 

^Nii , hearing and cooling capacity shall be selected so 'that dry 
b\ilb temperature of the* air entering rhe reconditioning 
apparatus* may be raised or lowered by an amount equal to 
^ " . v^ ^he largest required ^ia Section 8. • 

J. 2 LIQUID AS THE TRANSFER FLUID ' ^ * " 

The test setup for thermal energy storage systems emplpying liquid* 
, " as a transfer fluid is shown in Figure 85^,. - ^ i 

7,2, 1 ^ Temperature Measurement Across the Storage System> -The 

temperature difference bfecween the transfer fluid entering 
* * and l^a^/ing' tii^ storage system shall! be, measured using 
either two calibrated resistance thermometers connected 
in two arms of a fridge or*a thermopile made from 
9alibrated» type T thermocoup'ie wire all taken from a - 
single spool of wire, the thermopile shall contain any 
even number of 'junctions constructed according to. the • , 
recommendations in ANSI Standard €96.1-1964 "fR i969) [21/ 



a - - • * 

JJhe recommended apparatus consists of a closed Icfop configurajtioTi.* An 

open loop cgnfigurat ion is an acceptable alternative prodded that the 

'test .conditions specified herein can be. satisfied; .-^ . ^ ' 



Each resistance thermometer or each eni of the thermopile 
" i§ to be inserted into a well [6T located as shown in 

^ _ Figure B5. To insure good thermal contact/ the wells shalf^ 

be tilled with li'^ght* oil. The wej.ls should be located just 
IT K ^-^ . doymstream of a right angle bend to insure proper mixing [1]. 

. . • • .i \ - . . . . 

^ • , . '^o minimize temperature measurement error, the wells should 

^ be located as close as possible to the inlet , or outlet of 

•^^ ^ the storage device. . la addition, the piping4 shall be^ insu- 

. lated in' such a manner that the calculated heat loss frora^- 

this piping to thetambi^nt. air would not cause a temperature 

• - r , change for-^any test o^ mopiS than 0.05-0 (0.09^'F) between-. 

\ f"" • each well and the storage^ system.* 

•7.2,2 Additional Temperature Measurements. The temperature of the 
transfer riuid at the ^two' locations cited above shall also 
be measured by' inserting appropriate sensors into the wells. 
ASHRAE Standard 41-66^ Part I [1] shall be 'folLpwed in 
making -these- measurements . 



2.2.3- Pres sure Drop ^ross ^the Storage System. The pressure drop 
across th,e thermal energy storage system shall be measured 
us^ing static pressur-e tap holes, and a manometer, ' The edges 
of the holes on the inside surfaces of the pipe should be 
jfree 'of burrs and stiould be as small as practicable but not 
exceeding 1.6 mm (1/16 in.) diameter I^] • The thickness of 
the Dipe wall should^be 2 1/2 times the hole diameter [5] . 

7.2.4 Liquid Transfer Fluid Reconditioning Apparatus . The recon- 
ditioning' apparatus shall control the temperature of the 
trgiisfer fluid entering the storage system to vithin + l.^O^C v 
(j^'l.S^F) of the desired test va:lues at all times during the * 
^' * tests. Its heaiiing and cdoling. capacity shain)e selected ^ 

so that the temperature of the liquid entering the recon- 
ditioning apparatus may be raised or Lowered by an amount 
equal to the largest^equired ' in Section 8. 



7^2,5 4 Additional Equipment . A pressure gauge, a pump and a means 
of adjusting the flow rate of the fransfer fluid shall be 
provided at the .relative locations shown in Figur^e B5. In 
r addition, a pressure relief ^Valve and an expansion .tank 
should" be Installed 'to allow the transfer fluid to expand 
. and contract freely in the' apparatus?'. 



' a. - - • * * 

Figure B5. should not be int^erpreted ta mean that the relief valve and ^ 

"'^^anslon. tank necessarily *be locat-ed below the thermal, energy storage 

. ' unit/ , * ' " 
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SECTION 8/ TEST PRQCEDURE^^'^'^'^GHM^aONg 



8,1 GENERAL 



The method* that has been mosj: commonly employed in" testing of 
water s'to'rage t^nks in Japan. [11, 12, 13] is to, cause the transf 
fluid entering the storage device to undergo a step change 
in temperature and to measure the temperature of the ^ ^ 
transfer fl;iid' leaving the storage untl. By integrating the x . 
difference in temperature between the inlet and outlet ove^^he 
testing period and multiplying the' result by the transf e^^ 
fluids* mass flow rate and specific heat, one can determine the 
amount of heat added or removed during this time period^. This 
energy balance is shown ^:onceptually in Figure B6 wher^ ^he 
area under the curve represents' the energy absprbed during the 
time period shown. It^^e time period chosen for the test were 
some characteristic ti^e^epending uppn the size of the storage 
device chosen, the heat storage capability pf different devices* 
could be compared. This will be illustrated by citi-ng typigal 
results taken from reference [14]. 

J 

Yang and Lee^ [14] performed an analysis to determine the nature 
of the transient heat transfer between a heat' storage unit and 
a^circul.ating or transfer fluid due to variations itr'the inlet 
temperature of the transfer fluid. The configurations chosen 
for analysis are shown* in Figures B7, and B9. . Figure B7 
show^^ specific-heat- type storage device in whi^h^^a^liquid - 
storage medium is' heated or coo led "a fluid passing through 
thi^ tubes inside the container. Figure B8 shows a pebble-bed 
liyp^unit in which the transfer fluid comes in direct contact 
with the storarge medium. Figyre B9 shows as, in Figure 87^, a* - 
heat-exchanger type storage device except in this case, 'the 
.transfer fluid is circulated around tubes which encapsulate a 
lat,ent-heat type material such as a salt 'hydrate. 

The basic one-dimensional transient equations governing the 
temperature distribution^ ^gf both the transfer fluiS and storage 
medium are presented and solved using the Lap laca transformation 
technii^ue. Yang ^nd Lee point out that the bounrary conditions 
most appropriate to simulate a reaj. storage device wQuld be 
some arbitrary variation* of inlet 'iluid. temperature* with time. 



iis^is strictly true oiEIy if the losses^'^rom the outside o^ th'e 
/"^^rage unit are negligible. Otherwise,* the looses must be accounted 
^ f of in/the^energy balance. , • 
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^^6w6yer, since it is impractical Co calculate the system res 
. ^'.^ tor ^^y.ery possible inlet variation and since the stor^e* sys 
1,8^" described by linear equations,, its dynamic cha^racteristias 
"^ay be conveniently investigated by using a step input or a 
sinusoidal input . Solutions are giyen in [14]-'for both ^the 
input and Jsinusoid^l input for th.e- configurations of Figures 
B7 and BS^lit only lor .the step input for the latent^-heat: t> 
devi.ce, , ^ & ^ . ^ ^ . ^ | : 



ponse 
tem^ 



step . 



pe 



tanl^- 



as 



• Typical results are shown in Figur-es BlO and Bll for a watei 
1 in i^which waiter is also circulated through- the Tieat exchanjgei 
^ the transfer fluid and the input is a step function. Figure 
. BIO shows the temperature distribution of the-* transfer fluic as 
a Function of position down the tube 'and time. Figure Bll shows 
the same thing for the storage medium or water in. the tank. These 
'results were for the- case of negligibly resistance to heat crans- 
fer at the* interface between the tUbes and the storage meuiuui. 
^ On,e should note that it has been possible tp*i>re^%nt the results 
' in dimeosionless form. The temperature difference between 
the f luixi and. the ini value is, ^divided by the <dif.fejrencG 
between the inlet, value and the ^initial value (step' f undtior ) 
to get f^. The space dimension is divided by the total, patl: . 
_ length through the storage device to get x and time has bcerr^ 
made dimeosionless by dividing it by the^ time required for £ ^ 
fluid pa^rticle to trave^through ^"he system of length ^/i- 
where u is the flow velocity. The process of normalizing 
the results has been possible due toother fact that the^system 
behavior is described by linear equations. In- reality, the 
response of>^torage devices will only approximate a liinear ' " - 
behavior. Consequently the ^testing procedure included heifeln 
has been written in such a way as to*determine the response of 
the system'j:^. different step inputs and for both heat 
storage and^lieat ' removal processes even though the results of 
the linear theory would. indicate this is unnecessary. 

To "demonstrate how different storage devices can be compared 
based on their response tr8^a..step .function input, the results ^ 
' of reference [34] have been used to plot the curves in Figure. 
B12* The^curves are plots of dimensionless temperature diff ^.fence 
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I ^ between .the inlet aijd outlet. o£va ,st;orag^ .tank configured as in 
*; "I * Figtire B74 Both cnxv^s are for the .same, flow rate of water, 
, \ ' (transfer 'fluid) through the storage device. The only difference 

.'l^ ^ ^ between the two is that>on one hand there is a finite resistatice 

, ' .to hea^ transfer on the outside of the pipes (M^^- 56.7 w7(in^ • °K) 
J. \ , , typical pf natuiraX convectk^n in the tank and on the other, there 
|f!,'j isi. negligiKe resistance (h^ = The axea under the curve is 

W^-' l"*^ ' ' .proportional to the amount of "energy transferred dnto' or away 

fvl l I 'i ' ^ \&6m the storage unit. As can be seen, the device with 
ir:. I . ^"t|ie smallest resistance to heat 'transfer ^s clearily the more 

^ : # 1 Effective one for absorbing or releasing ,the energy. * * 



fp ufftilvtliis po^nt, emphas^is ha^ been placed on discussing 
, the. comparison of storage devices b^sed on their response to a 
^ , It^fi^l increase in inlet fluid temperature. Other possibilities 

1. exist . - 

' V " 

^ A second' method; that could^ be employed would be_to subject ^e 

^transfer fluid entering the storage unit to a cens-dant in'fluX of 
heat, Q. This would result in raising the temper ature^.^of^ the 
, p ^entering tr^jjiJxfer f luid'^tas^umin^' the specific heat of ' the 



transfer ^jmid is constant) by affixed number of degrees- above 
. .V - the^ outlet tempera ture.^^By measuring th'e time dependent^ outlet 

"^'^ temperature one could obtain information that would be useful " ~ . 

in designing collector-storage systems. \^ile this method 
simulates^more closely the real fnteraction between a collector 
" and a stprage device, it has the disadvantage that one -cannot . 

^ v-t measCire^the energy stprage and .removal capability of the unit. 

This 1^ due.to the fact thajt. if one measured the hea't absorbed by 
thft stprage unit^oyer a'perdod of tim^, it would just be equal to 
Q^x the ^.t est period or the amount of energy added to the system. 
*l , Thus the .only way of comparing different storage .devices,, would be 
to compare plots of outlet temperature versus, time for. different 
values pf Q choog-en so as to take into account the different sizes 
<5f the storage units being compared*. The storage device with 
the lowest average outlet temperature would probably be considered 
best because this would ytShd to maxiipi^e'^he efficiency of a 
collector, t 




» t 



A i third method .voi^d 'be to us# a^time^varyiji^^.^ and to measure t^e 
oijtlet temper^ature as a function of time during -^e-' testing period.^ 
This would allow one to simulate the output of a collector over one 

more days to determine the r.esponse pf the storage device.' 
If the time dependence of Q resulted in an oscillating inlet tem^ 
perature, one wo.uld also be able to -Look at the degree of stratifi- 
cation attained in -the storage unit. This method has the same ' 
dilsadvantage as the second jnethqd J.n that Jt would be v«ry difficult 
to, compare the performance of different^s:|.6rage * devices ^ In addition 
qne has the problem- of deciding on what is^'^the typical cycle, for Q; 
not an easy task when one, considers that the output of the collector 
depends' not only on the weather ljut on the particular storage unit 
employed.^ The major advantage of this method would be that by in- 
sei-ting an. array of thermocouples in the storage medium, the experi- 
menter could measure the temperature stratification ip. the unit. 

Stratification, which in water tanks results from different temper'atfure 
watar seeking its own density level, is a desirable characteristic- 
for operation in a solar heating an^ cooling system when the inlet 
fjuid temperature varies up and down'with time. If .large stratifi- 
cktion result-s when the inlet temperaturd is either constant or a 
monotonia (increa^sing ar decreasing) funcrtion ^of time, if is probably 
a result of short circuiting iTlow (i.e. dead spate in a water. tank). ^ . 
This short circuiting of the flow could result in higher fluiA 0 
peratures- to the- collector' and;:thus decrease^'d efficiency, wliich 
could easily off-sejt the adva^ages of stratification. 

to .test the transienf^espons^ of the storage unit „ t?he first method 
of me^ijsuring the response of -outlet temperature to a step^ change in 
inlet tempiSi^ature, was chosen as a--b^sis for 'the test,^ This method 
"v^s selected b ^| ye: , 

■.a) It'^pemiliS t.he determirfe^ 
- -capacity ajadk-thus allows an easy -comparison of different 

' -types of stQrager units , ^ ^^J^ ^* 

--.Z- "^"^^S)* 'apj>ear& to „be the most fundajnental approach since 

linear theor^ shows that the outlet temperature response^ 
to a^constan^or .variable heat flux. "Q can be predicted 
/ * one knows^^w the outlet' temperature changes with 

~\ ' a' step chahg^jli Inlet temperatxire , .an'd 



c)-^ it is felt^,1ihat the relative performance of storage 
^ . devices* using this method^ill be the saine il* either 
of the (it-her procedures wete used. ^ 
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8.2 



Storage- CAPACITY, fill time, EFijEtTivE capacity for heat 

STQRA^GE, ^EFFECTIVE CAPACITY FQr/ HEAT REMOV AL 

The storage capacity SC (t^y At) of a thermal energy storage 
system^^s defined as the energy thlit can be stored in a system 
undergoing a At increase in temperature from Its initial value 
t.. The. value SC (t^, At)^ shall be" calcwiated by adding up the 
amount of heat absorbed by^ the in(iividual components in the 
storage system (storage medium, tank, heat exchanger, insulation, 
etc.) in raising their temperature from t^ to ('t^ + At),. -If 
there is an uncertainty in the jieat storage ability of the 
storage medium,' a representative sample shall be tested in a 
calorimeter^to determine the amount^ of heat required to raise 
'^^^its temperature from t^toXt- + At)/ ~ ^ 

. Thel'concept ?f fill time as introduced in this test procedure 
isjised for the purpose of specifying the time of 'the transient 
te^s. F?,ecalL that in the'anadysis of Yang and Lee [14], it was' 
possible to present the response characteristics of the thermal 

, ^'Storag^unit in terms of a dimensionless- time where real time 
is- divided by some cRaracteristit time ^/u, the effective path 
length of the transfer fluid divided by the effective transfer 
fluid velocity. This allows a convenient way of comparing 
storage units of^the sanl^ basic^ design but of dif ferent sizes-. 
However, 'if^one^is going, to^compare, for example, a water storage 
tank where the'^ransf e^^r -f^uid and th^ storage medium are th'e same^ 
with a storage tank and. embjedded heat exchaftger "where ' the volume of 
water in the heat -exchanger (transfer fluid) at any instant is 
only 1/10 of the volume of the water In the storage tank (storage 
metfi^m) , then coipparijfig tUe response of the £wo over the same 
time ^ period il/u would be^ unfair^, Jha device with .the embedded 
heat exchanger would ajf^ear to have "s3me thing on « the ^rder of 
.10%. of the storage capacity of the other /device when compared 
'over the*same^iuimb^r of time periods i/ut^ Consequently, a ^ 
different time scale is introduced herein 'that 'will ^llow 
storage units of entiteLy.dif f erent ciesigns to^bd^ 
compared on an equitable basis. . ' - 

. If a storage, unit has a specified thermal capacity or storage 

capacity SC.(t., At), and .the transfer fluid of specific heat ' ^ 
' ^tf ("^i^ flowing through the device a constant flbw rate 
m and^has an inlet temperature At, above the initial t^m-' 
perature of the storage device,* then the^ fill' time is defit^ by 



T = 



_ SC(ti'.,. At) 



-< 



(1) 



In the testing procedure, all storage units are tested for 
the same fill time and th^h the thermal responses compared. 
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In other words, -if two different S ^risible-heat devices ' ' ■ > ! 
had the same ultimate storage capacity and were being testecl 
' * over: the same At but one used water (water" tank) and the other 

']'^ ' . air (pebble-bed type) as the transfer fluid, and the Jlow rates 

. were such that the fluid dwell times (d^4iermined by £/u) were 

identical, it Would be unfair to compare the resporis'e of the two 
I ' :. units dve^the'same real 't^me pe^rip^cl. One would be able to 4-^1^, 

*> charge the water tank wit^i considerably mo r e energy over the same^ 
^ . time period. (a,pproximatel,y ' by the .Vatro of ((m o^^)^^^^^) /((m c.X;.-.), • 

^ The recommenjdation h^ere wo^uld -^e t;o test the. two units tor tlTe' h ^ 

same* fill time , as defined by equation (1). Consequently, the ' ' 

- , ' , *' flow rates would be adjusted so th'at ((m c^^J Ctf) . )^ ' . 

= 1. In o-ther words, the flow rates for the different devices^are 
Aidjusted so th^t the amount^of energy entering the- device (or 
< . - leaving for an energy removal test) per unit ^hermal steerage 

capacity is identital for the 'twcu'devices . ^ , ^ . / ' 

''•:t ' .The fill time Tp an^ the flow rate o.t the^Cfansf er fluid m ar^ 

' -\ * ^ related in: an inverse manner according to -equation (1). One, 

possibility for specifying the test conditions of the tr-ansient 
r ^/'-^ ^tests would be' to specify the At to..be used, allow the experimenter 

• select an m, and then, depending upon the properties of the" 

^ transfer fluid (cj-f) and stoj -ag~capacit^of the unit, ^conduct 

• the tests for some fractibn'or integral ;of_the fill time. However ,^ the 
, experimenter who v^s concerned about^ the^optimum pei^ormance of his 
"Pit would no doubt select a flow rate where the^ relationship between 
the energy traasf er Ira^e and pressure drop (of power required to push the 
fluid through the device) was an optimum. In^ctual instalPatiohs , 
t^^e flow irate through and At^^acros^ the s torage device, is controlled . • 
by 'the flow fafe^Th rough and A't across the collector and/or ^ / 
, ' , building "heating and cooling system. The flow rate is usually* ^ - 

L ', J ^ proportional to the collector s^ze and in turn the storage capacity * 

is usually proportional to the collector size . Xlonsequently , the 
ratio of. SC/m is constant within certain limitswhich means 
according to equation ' (1) ^ the filLl time -is -pons tan t within 
certain limit^r As a result in' the .test procedure, two different 
fill times are^ specified .that are felt to b$ typical o'f installed 
systems, the At's are specif ied'according to-whether a liquid or ' 
^•air is the transfer fluid°, and the flow rate \o be used is 

•-'^ ' "q- • ^ ' — ^ . ' • . , ' 

- • should recognize that for an ideal-water-tank where there is . - 

entirely piston-type flow, the above definition of fill ti'me^is identical 
ilt^with'* the fluid dwell time, ^- \ - , . * ' 7 

t\^..:i''^. y : * , ' ■ . ' / ' - ~ o ^ ' ' ' , ' . 

Air heating colle^«fes, impose § much higher Atton tbe storage device 
■tliari do/ Mqirra^h coligctors. • * . ' . * ' ^-Z 




calculaXg^' according to equation (1). 



The effective capacity for heat storage EC (t^, At, Xp) is defined 
as'^th^ net amount of heat flowing into a storage system during 
the time period (.t^, Tq 4 xp) wheo the entering transfer fluid, 
that is initially ac temperatare tj^, unuer^oes at At step incr<iase - 
in temperature at time i^.. It' may^^^^calcu:^atec^ using the equation:^ 



o F 



.m E^hs ^^^>. '^p) " ^ ^^^^ (t.) J 5t (t) dT-^', 



) 



.-■■.'F-l'i^t 



t J 



(2) 



where 6t (x) = [t:^ (x) - t 



w«^v^ ^w (x)] is the difif^rence between the 

> . "-in^ put ^ ' ^ ^ 

inlet temperature t-j^j^ and the outlet ^temperature t^^^ at time x, 

t IS the average ambient air tei^ipe-rature', and m has the value 



^^^specified in Section 8.6, 



-'^The effective capacity for heat removal EC 
is defined as the^^^net amount of heat remove 



(t. + At, - At^ 



from 



a storage system 



amount 

during the time period (x-^, x^ + ) when the'^entering transfer 
Tliiid, whicfTis initially at temperature (t^ + At), undergoes a At 
decrease in temperature at time x^. It, xmay be determined using 
•the formula: * 



step 



J: 



EC^^ (t. + ^t-,^; AtV-T^) 



o'^ 'F 



Ctf (^i) , 



6t (t)-] dT 



(3) 



8 3 GENERAL TEST RgQUI-REMENTS 



All of the tests''*require that the temperature oiE*.the sl:or age medium, 
p^rior to che start of data taking, be un'ifbrm a't' the desired tem- 
perature a.nd that there ^xist 'steady floiA)f the" tiran^fer flui^d 
through •the storage system difring^ a test .^ To , achieve ^the 'former , 
' the transf^^i^Jyid shall be circulated through tffe^testd'hg 
^p'^jparatus until steady, state conditions are. achieved and the 
inlet and outlet temperatures vary by less than + 0/5^0 C£^0.9°F). 
during a* one hour p^eriod. tlte initial tempera tirre^s then defined 
to.be tjie arithmetic average of^^Ve inletlind .outlet temperatures'. 
Steady flow of the transfer fluid^'shall be considered .achieved 
iHE^ tl>e fioy^rate varies by -less than + 1.0% during^ a, test./\-^ 
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For all tests > with the exception of^'the one to .determine the heat 

ioss,^ rat^g.^?^ the- temperature of the stqrage medium shall remain within ^ 
the'^nprmal operating range of the storage medium.. For latent healp^ 
tyge storage systems this means that the storage medium, shall ^underga • ^ 

a change of ph^se as- the temperature of the storage medium i^ both | 

'increased and decreased by At in the manner discussed in Sect^ion 8.1. V , 

During tests involving air as^ the transfer fluid, the\dry b^Jb tem- |^ 

per^^e of-t;he transfer fluid, sfiall r-emain above the Vdew point " ^ |; 
temperatuffe oT the transfer; :^uid, and^the inlet d^ ppin't temperatuire ^ | j 

shall equal the outlet dew point temperature and both shall remafn ^ j i 

constant. The latter shall be considered accomplished if tl^e inlet , ^ ^ 

and outlet -dew point temperatures vary be Ifess than + 0.5 °C 0.9 °F) P 

during a; test. - , ' ' 



TESTS'TO BE PERFORMED ' " ' ' ' 

■ The first test to be performed on a thermal energy storage system 
is the-deuermination of fhe {leat loss rate, L. The. test metHSd " " ■ 
for doing this is discussed in Section 8.5. After "this is com- 

^pleted, ad^ional tests are required to evaluate EC(^. (t-, At, Tp) 
and EC^j. (ti '+ At, - At, Tp) .f or^ a 'specif ,ic| ti and a gj.v.en.^^p'air of 
parameters Tp- and At. The set ,of|paramet|i|s W At are to be 
chosen. depending on the type of 'thermal ehergy ^^(Jfaige system,^- so 
that all of the'following combinations of the variables Tr. and At 
are-tested: . , | f " v/*-^ 



i 



p = 2 hr, 4 hr and = 16^0 (28.80F), 8^C a4.^) for 
thermal energy storage systems using a liquid trans- 
•fer fluid, 



Tp = 2 hr, 4 hr and .^t = ^O^C (900f);^'28^C (50.4^?) for 
thermal energy i 
transfer fluid. 



^ thermal energy storage systems usinM^air as the «s 

tranftfpr flniH , » - ^ 



Ik 



When a pha-^se-change .type thermal storage system eis being tested that 
has been designed to be- "charged" or "discharged" over a specific 
time pepiod, this 'time period shall be used as the f ill , time for 
fSsting in lieu of the above specification. 

The value of t^ to be used shall be chosen based on the intended 
application for the thermal energy storage system. ' The performance 
of these tests is discussed in Section 8.6. 

METHOD FOR DETERMINING THE HEAT LOSS RATE 

The flow rate of the transfer .fluid shall adjusted to the^valye 
(see equation (1)): , , 

.SC (t,^, 25«C) ... 
'"^(c^. (ta; + '25pC)n?'l,.hr). (250C ) ... ■ 

and^the temperature of the transfer fluid entering the storag.e sys- • 
t^m shall be -rai^sed 25 9:^^^45^) above the average^ ambient air tem- 
perature t^. After the storage sysfem has reached a uniform, s.teady 
state temperature,^ the average value of 6t shall be determined over 
a one hour period?' This average, that will be called 6t, is to be 
obtained by integrating over this time period and then dividing 
by* the time period. The ifete^of he^t lo^ L from the storage *sys- . 
tern shall ^ then -be determined froirf 9' \ ^ 



in- . 



8.6 PERFORMAMCE OF A TEST INVOLVING A -STEP. CHANGE IN TE>tPEElATlTR£ ^ 
' . AND A Tp FILL TIME , . ^ ^ ^ - ^ 



/ The test described in 'this" section is'^'to bje performed ^on^bo^h sensi- 
'bie and latent heat^type storage systeri^^ Howaver because the 
performance of a latent heat-typef storage system is-usually aSfect- 
" ed by its immediate^ast temperature his.tory, tfie te^st herein de- 
scribed shall.be' performed twice on this kind^.of storage' system. ^ 
Aft^r the test has been completed once,' fche storage* sys^Cem s'hall 
be allowed to reach a uniform temperat^ure and the test is then to 
Be repeated'. Only data collected on ^his second test shall be rfe- 
duc^d and reported as discussed in this sept ion and in Section 9. 

After 'the»s'torage medium has readied a uniform initial temperature 
, the ^f low rate shall be^ adjusted to the value: 



^ .SO (t^, AtX 



J6) 
/ 

The temperature of the transfer fluid entering the storage system 
s4iall be increased in a step-like manner to the new^ value t. + ^t 
at some time . 



During the time period (-5 , t^), the difference 



Between the' temperature of the transfer fluid entering and leav- 
ing the storage system,,^f (x ) =Jt.^ '^'^^"^^out ^'^"^ > shalleither 



be recorded on a strip chart recorder or integrated ov&r time us- 
ing an electronic integrator. If- a strip'^hart recorder^ is used> 
6t^(T) Shall be manually i-ntegrated over time afrer^the test is 
completed. The integrated value 



^o + ^ 



F 



♦ J 5t (t) dT 



IS;) 



;plus a k^low Ledge of m and c^.^ (t.) will allow determination of- the 
/ e'ffective storage capadity ECug (ti, 4^t , Tp) by means of equation 

' (2 ) . iT , . 

The la^t phase o^:: the test involves a step-like decrease in the 
temperature of tha transfer fluid ent^ring'tne c^Gonditionihg 
apparatus; Tfte tenp^tature of the entering transfer fluid sl^all 
•SV maititained kt t^ + At until th-e temperature of the. ti^ansT^r 
, fluid leaving* t3he stoV^ge system no longer changing with time* 

following thisAtJae temperature of the entering transfer .fluid 
; rshail be reducedVrbm^ (ti '+ At) to t^* Assuming this step ^change 
take^place at T^\^e quar^ty^ . . 
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is to be evaluated Vyer the time period (t*', + Tpi' either by" 
direct electronic integration or by recording St' Ct; on a .strit>'"*- 
ch^rt recorder and then 'manually integrating. Equation ,(3) is 
then to be^used>^to find the effective heat removal capacity EC- 

(t^ 'i-:^, - At, Tp). • . . • -V"^^ 



' an, independent^ check 'ON ^HE lOTEGRAL OF At L 



As an independent check, the inlet tfemperature, ^i^z t.he' out- 
let temperature, ^^^^y 'O^ the transfer fluid §hall ,be recorded on 
strip chart recorders/ The quantities. 



» I 
*o 



. I 

'F 



o F 

5t (') dT and . 5t C') d' shall be»calculate3 using these 



^ I 
. o 



I 



recordings and compared with the* identical quantit*xes that are ob- 
tained by using the'primary method which meastfres .5t (t) = (t^^ (t) 

^out ^^^^ directly. .Jn order for a test to be valid,, tfcre values 
obtained on x.he check must be wichin>+ 10% of the* results obtained 
using the primary method. . ^ 



AiyLOW RATf CALCULATIONS' 



The air flow rste'* through the nozzle is calculated* by the follow 
ing equations: 



mx 



= i>i cr A (p 



n - 



^ 10.1 X lO"* V /? (1 -5- K ) 
n n ^ n 



(7 
( 



The air- flow rate of standard air is "then: 



s mi • n 



MEASUREMENT OF AMBIENT AIR TEMPERATURE 

The ambient air tempei'ature t^ shall* "be the arithmetic ^verige 
^temperature of the test area, determined by four calibrated, 
Cemperatura.^sensors. ASHRAE^tandaro" 41-66, Part I fi] shall - 
be followed in making thesfe. measurements. ^The senses shall Ixe 
in a horizontal plane approximately at the vertical- midpoint of ' 
^the storage system and shaHT Be 'approximately 0./ m*jC23.6 in.) 
from^ the. sides of -the storage system. 



gSTl>$^IQN OF FOWi-R REQfJIRE^IILNTS ^ ^ ' ' ^ • \ 

In order to estimate the power required to move the 

-transfer fluid through the thermal energy storage system, the - 

following' equa;|:ion shall be used: , " 

^ ' • ' ' ' • 

Section 9. data to be recorded a^^d, test report 
test data * ' ' ' , - 

"-Table 51 lists the ineasuremenLs that a/e to be xadt;' during the var- 
ious tests . « , . ' 



TEST REPORT 



Table B2 ^ecifies the fiata cO be reported in cesting a 



therEJai energy storage syscea. ihe perronaance coe trie lent .tor 
^ (t,., J^t, - )/V, 



heat storage, ^?G.^^, is defined in Tabie^ B2 by the forauia: 



EC 



hs 



.^r c 




(9) 



where c„ ^ and Cj, ^ are the specific heat and density, respectively,^ 

/ / J" '3 

;Of water at the leuperature t^ -r At/2. The' perforoance cWt^icif^t^ 

, tor heat r.rsoval is sriilariy defined jjy: ' 7 



PC 



hr 



/ (10) 



The performance coefficients for heat storage and' heat renwval,, as 
defined above, ^ compare, the performance of a Theraal energy stor- ^ 
age sy^t^ with the thecfrefcical perfonaapceT of ^n* idealywater tank 
of ie(fcai volune *and having perfect pistqit-^^pe flow *and# »ero ^ 
-heat loss. * , . / ' 
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Both PCj^g and PCj^^ are to be calcul^ed f6r each of the eight tests. 
that determine th4 etfiective heit star^ge and rerao^tal capacities 
"for a specific tj_. In additiom, a sl^gi^ plot is to be provided 
showing the time variation in outlet temperature of the transfer-, 
fluid for these eigbt tests* The q^iantity 

^OUt ^i ' ' • . ' ' ^ 

shall be plotted as the ordinate, while the abscissa shall show 
the time periods (t^, '^o^^ ^F^ ^^©'"'o ^'^F^' 



•ScCTiON^ 



9 



A . 




ft\ iJl- " NaMENC LATURE 
. -' -^ 

area 'Of nozzle, m 



vozzle coefficient of discharge - 

c 

specific heat water, J/(k^* <^C) 



specific heat^of transfer fluid at t., 
J/(kg.^C> - * . 

^ozzle thfoar dia^ter, m 



effective capacity for heat storage, J 

Egjjj^t^ "^^r^* ^ '^-) V effective capacity- for heat rrmnrj,j^|j|nfr 

• .* ^^^^ ' ' 

SC (t., J^"^ ♦ storage capacity, J • 

1* • heat loss rate, W/^c 



^ . ^ * mass f Low rate of transfer medium, kg/s 

- , performance coefficient for heat removal 

^C^g • performance 'Coefficient for heat storage 

• absolute pressure at nozzle throat,, N/m 



P * * ^, - (^sdimated power required .to move the ^ 

_ , . ^ • transfer ^fluid* through^ the thermal j 

'energy storage system, W' 

" \ velocity pressur^^ slatic pressure 

* * , ' * difference across nozzle, N/m^ - ^ 

i^'^^l _ measured jair flow, .m^v/s^ 



Kerjc . 



Q V— • . standard air flow,'in /s 

^ , initial temperaturB of storage "System, °C 

t.^ , ^ ~ ^» temperature of transfer fluid at inlet, 

t average ambient air temperature,^' 

• - " 

t - temperature of transfer fluid at outlet, - 

' * specific volume of air at^ffry and wet* 

bulb temperature conditj.ons existing at 
the nozzle but at standard barometric 
' pressure , ,m^ /kg .dry air v ^ t ' 



y^';/ £( " specific volume of air at -the nozzle, 

^/kg dry^air . ' 



sp€ 



3 

V- ' . volume of the storage . system, m 



W 



) 

'total mass of storage system/ kg 
, - humidity ratio at nozzle, 



iSP . * * pressure arop across storage system. 



^vt step change in temperature, 



^ (t) ' ^ ^lilet^ "temperature, t- , minus outlet tem- 



* ' average of .At (t) during test for L,oc^ 

- .0 " density of the transfer fluid, kg/ni^' 

'^^^Q ^, ^ de^isity pf :vater ,^kg/in'^ 




tiiie 



/ 



fil^l time J s ^ ' 

initial, time ' . j * 



7.- 



V 



^\ ^ time at wh1[^ch temperature-^of transfer , 
I - fluid' is decreased from t^ 4-*' At. to 

' . i ^ • • ■ V . . \. - 



'.4: <-^^^''^-*ir• 
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Table Bl Test Data to be Recorded 



Item 




Date 

Observer 
Etjuipment Name Plate Data 
At (T*)»Across Storage 5ystenr^ 



Inlet l^emperature , t. 



in 



Outlet Temperature, t^^^ 
. lalet Wet Bulb Temperature 
Outlet Wet Bulb /Temperature 
Times 

Liquid Flow Rate 
Barometric Pressure 
^au/e Pressure at Inlet 
^W^- Gauge Pressure at Nozzle Throat 
Nozzle Throat Diameter 



\ Velocity Pressure at Noz'zle Throat or Static 
Pressure Difference Across Nozrle 



Dty_ Bulb- Temperature- at Jlozz le Throat-- 

Wet- Bulb, Temperature at Nozzle Throat 



Pressure "Drop Across Storage System 

t "• 
Ambient Air Temperature 

Initial, Temperature r^" ^ f' - 

Step JChange At 



U I 

< S 

CO u^* 

> « 

O <5J 

> U r 

M 

Qi 

u u B 
W 3 



X 
X 
• X 

x^ 

X 
X 
X 




ccF a 
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8. Appendix C _ 



RaAiometry and Its Relationship ta ,the Charapterization of Solar Collectors 




- _ INTRODUCTION 

'The purpose of this Appenc^x is to describe (X) the rai^iometric quantities that i]jufet 
ae measured for solar energy utilization programs, (2) tfie sources Q'f error .affecting ( 
ieasurements of« these quantities, and (3) procedures for accurately performing these h 
l^asurements. Since procedures will be describ^ that req^re equipment that has not ^^islb 
en developed, t'his Appendix will define Ijoth the state-of-the-art and cUrrent probl^jS 
i^s in solar conversion radiomStry.^ This material' is general enou^hto apply to phoxl- 
fiversion as well as ;th#rmal conversion, but the ^emphasis is on the laB^er^ , j* , 

The role of* ra<^i<jmet]:7* in svipoprt of solar powisr utilization has been examined 
Reference [l]*". Three distinct tasks that make some^at different demands upon radij 
have been identified; (l) converter design, t^Y compe"^itive selection among conve: 
'ftfldlCS) pptimizaiion cff performance of operational converters. The present materia^jis 
writiten with these tasks in mind, but specific procedures for each task will not he, ^s^ribed. 
There are two Jt^sons for this omission^ First, such an approach probably requires' ^ftiat , * 
bothAt^e solar converter €ui<f^the instnun^tation.used to characterize it be treated a 
^nifiW<^ manner as elements of a single system; This of^course, is -trell beyond *he* Si^bpe of 
this Appendix. Second, such an approach is prematuA aE the present state-of-the-a^ in 
radioAetry. This 'field has t^e dubious distinction qf being an area of measuremenfj ,^cience 
that iB characterized by surpin.singly'T.ow accuracy. Cne percenib is rarely achieve}^ and 
one qukrter of one percent has been bettered only in relative measurements (measu^^ements of 
the^ranios of a giVen ^uant^ity), nevec in^absolute measurements (measurements of q[\|^tities 
<Jith untts such* as W/m.). Typically? five percent radiometry, if not^pushing the 'etate-of- 
the-art\ is at least very near it. This is ir? marked contrast to electric^ measii^ments,^ 
wKere fiWe peifeent is typically two orders oY ihagnitude from the ^^siate-of-^the-artp- 
FurthermJjre , radiometry is presently undergoing a conc^ptuaJ. and technological revolution J* 
tJiat proAisgs to completely tfrans^orm the field over the "nexji ^ive' years . Thus, tfiis^ 
material can serve only as a basis for intexim, rather thaa lojig range^ planning and recom- 
mendation K 

Tfife material is organized as follows. In the^next section, the^c'o«cepts «that are- 
necessary xor undeastsinding what fpllows'are defined. They includ_e the key radiometric 
quantities If or solar conversion which are the relative angular and sjpectral respons^e of the 
converter and t^e effective 'irradiance., InMihe followin;? s*ection. varloys sourcoi of error*- 
affecting measurements of these and related quantities Are described. In the final section, 
various . measurement proped^ures and the accuracy that can be expected of tj^ir results are ' 
given. \ 
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CONCEPTUAL DEFINITIONS 



• Various radiometric quantities of importance to sol^ conversion 'v/ill be definedrin 
; ' this section. With reference to Figure CI, surface's that includes appoint p', and, a feolid 
f . ^ ,^ angle CI that ^inpludes a direction m which makes ^ angle 8 with the normal n to S' at l,are 
' * * \ shown. The spectral radiance is defined as " * *\ • 



L(m,p,A.,t) =<llim 



AcosQwAA 



(1) 



where P is t^he, quantity of radilnt p<5wer with wavelengths in the interval between X and 
A+AX that i^^ incident *cSi the Surface S from the' directions, included in Uy where A is ths. 
area of S, and where UJ is the measure of fi. Thfe -spectral jradianqe is dinned for each 
direction m at each point p in space. It is a function of seven variable^, the' two coor- 
.dinates that define the direction m, the three that locate the point p, wavelength A ,^ind 
^ime t . ^ * *^ ' ' ^ * • ^ ^"^^ , . ' ^ 



Reversing the? process the power incident on a surface S, from a specified solid aigle 
^ is giVen by , W ' 



gle 
3^ 



• . P =.l(g L(m,R^A,t) m-n-dw^, dA,dA , ' (2) J 

The "inner most inte^al in equation (Z)<^is the spectral irradiance (at the point p frpp the 
soltd^^angle U) defined^as 



4 * 



E(p,p,A,t) = lim^ 



A-*^0 
; AA^ 



A AA 



(3) 



aga^n with Ifeference to Figure CI. The inner mosi; double integral in equation (^) x^s the 

i.:.^.^ 1 specti*al irradiance with respect to wavelength. It is called the total^irra- 

or juBt irradiance. *It is defined^s ' # '* > 



^ ^. E(S^,p,t) = lim' f 

X ' A-K) ^ 

agai'n wit^* reference to Figure CI. ^ < ^ 

- ' *\ ^ j?quation (i) were the 'siir face of a solar collector and CI were the pojrbion of 

^ . the . sky that was Viewed by the^ collector, then P wouid be the^ solar pewer, insolation,, or 
^, ] '^Q-^e of energy incident ojl the collector. In general, ^he useful power output/p is not 
-- — ^^J^^ simply relat,ed to P but^ rather it is a funct*i6nal'of the specftral radiance distribution 

""^^ , function . For. simplicity (and because^ it is a good assumption), it is assiuned that ther^ 
exists some function t of a^ingle veuriation f«(x) such that the power conversion process can 
V be described ;by • . # 



where 



P^ = f(Enn,p,t])^ 



^H*{n,p,t) = -r-^o ^\ Ot(ni-n,X) L(m',p,A,t) m-n d(o dX dA 
A o A j< ^ » m p 



'■*'r^^ a- discussion Junctionals see reference [-£]), p, 106. 

■■.:.>.' - . ^- 
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is" called the effeptive irra^iance, a(cos9,X) is the relative spectral, directional response 
Of the co'nyertor, normalized tJ unity at the wavelength £ind direction of maximum response, 
C andTft is the area of t^e collector surface S. For all practical purposes the spectral , 
radiance* can "be assumed to be irid^pendeiyt apf p over areas at least as large as solar collec-', 
tors, so ^ ^ ' -^^r \ 



E*(n,p,t) j= }^ L(m,p,X,t) m-n dO) d\ dA^ 
' A ifc m j> 



(7)' 



Furthermore, it is convenient to choose the specific functional form' of f(x) such that 

! ' ' ^ . 

P^/A = 6(E*[m,p,t3) E*(n,p,t) . , ' . * (8) ^ 

The physical interpretation of thi^ equation is that the effective irradiance is converted 
into useful power output per unit collector areV with an efficiency B(E*) that depends 
upon the effective irradiance E*. Furthermore, different spectral radiaince distributions 
the^s^ive rise to the same effective irradiance of a given collector, also give rise to the 
same useful power output fromjthat collector. Finally, since the collector for the speciari 
case bf monochromatic^ uni-directional incident power concentrated at the wavelength and * 
direction of maximum response, the function B(E*) is just the maximum efficiency with which 
radiant power can be converted into useful powdr by the particular conver,tor when its 
f ' T'^ctive- irr-:^Jiance is E* . This is all very riice , but it jls cruciajLly dependent upon the 
validity of equation (5). Thus, it is worthwhile to irr-est^gate its physucal significance. 
Essentially, it 'states that all variatio^s^ i s^ectrlil and directional response arisb from 
-'Optical effects One thi incident radiant power has been absorbed it is treated exactly 
the same by the *convertor, independent of thfe wavelength or direction of the radiant power 
that gave rise to it. The possibility that the processing of the absorbed power is non- - 
linear is allowed, ^ut none pf the optical effects preceding or accompanying absorption 
may be non-linear. Actually these are quite r^sonable assumptions, and they reduce the 
complexity of the problem immensely. 

, Finally two more definiti^^ are required. Ffrst', the scaler irj^iance defined by 



E(i^,p,t) 



f'^ L(m,p,^,t) do)^ d\ 



(9) 



is a useful ijonfiept because it is proportional to the "energy density, of the radiation field, 
and therefore se*ts an upper limit for the rate at which energy can be extracted from the^ 
'fielder unit area^ The actual rate, of course, depends upon 6(E*) E*. Since the only 
• difference between E(fi,p,t)' and El(i^,p,t), the inner most double integral in equation (2),^ 
is the presence or gibsence of the m^n (i.e. cosG)* factor, one is led to define the collection 
efficiency of a surface in a given direction as the ratio of the area of t^he projection of 
the surface in th^ given direction to the total area of the surface. This rather trivial * 
concept is of importance in the ^discussion of sources of error in the next section for the . 
following ^reason. In solar collectors, area costs money, so area must be minimized. The ' 
surf ace ' that provides the best collection efficiency averaged over all directions (i.e^ for 
jTsotropic flux) is a plane; howerv^er, the collection efficiency of a plane is not uniform 
with' directionv ^varying as it does -proportionally to oosO.^ 



SOURCES OR ERROR 

^ Perhaps the most serious source of error in solar conversion radiometry is the tremen- 
dous variability with time of t*he directional distribution of, the spectral raaifiuice in the 
sky above a solar convertor. The problem is that the*relative directional response, 

aCcosO) = / a{cos0,A) dA- • . (lO) 

♦ 

of practical ^ Solar collectors varies significantly among the different types. This is. ' 
illustrated i^i Figure C2 where typickl curves are shown fd!r two different types of flat- 
pla1?a collectors . Also shown are +.ypical curves for some different types of commercially 
available pyranometers [U, 5].^ All of the curves ha^-e been normalized to unity at 0^. 

Two hypotheses are suggested by the data of Figure C2. First, below thirty or forty 
degi-ees from the normal, all flat-plabe collectors have very similar relative directional 
. responses; so it is the radiant power incident from beyond ajjproximately forty degi'^ees t*hat 
is the source of error in effective ir^adiance measure«ients . • Second, no commercially 
available pyranometer, nor any single type of pyranometer will by itself be able to accurately 
determine the effective irradiance for different types of flat-plate collectors. ' • ^ 

JThe limit^f of ^he error that can arise from this effect for flat-plate collectors will 
^' be'ecJtimated . It will be necessary to estimate the ratio * 

W.^5^(a^^o^^Q,,^,t) dt . - 

^ ^ //3M27T,D,t) dt- • (^^^ 

r ' * * ' 

for various different types of flat-plate collectors^ where E*(l^,p,t) is tne contribution 
to the effective irradiance that arises from directions contained irf ^. The ratios R for 
different relative response functiono in Figure C2 are critically dependent upon the tern- ^ 
poral and directional'distribution of tne solar spectral radiance, so a cursory review of 
this distribution will be made prior to making some plausible estimates of its time average 
' behavior. , - ' • 

On^overcast days, the sky to a first approximation is of uniform radianco. However, 
the significtint quantities of ener^- produced by jp^st flat -plate collectors will not occur 
on these days due to the normally low values of insolation. Therefore for this analysis, 
the considerations. are restricted to days on which more' than Taalf the sky is cloud free. 
The daily and yearly variation of sufi position in the sky must be considered. Figure C3 
is a^rojection (looking upward) of the hemisphere whose normal is perpendicular to the 
average surface of the earth at sf^ latitude*' On the projection are traced the paths ^f 
the sun at the sunm\er solstice (lower curve), winter sols5fice ("upper cur^e), and the 
equinoxes (middle curve"). Consider a flat-plate collector of fixed orientation with its 
normar toward the solar zenith at the equinoxes. The portion of the diagram betweeh the 
dashed lines is the portion of the sky that is within foVty degrees of the* normal to the 
collector. ,0f the time that it is within ninety degre'es to the normal of the collector^, 
the sun spends about U3% of this time within forty degrees of the -normal to the collector. 



^ Next th^ faqt that some of the ini^dent solar radiation comes from parts »of the sky 
other than the "jsolar "'disc due to atmospheric scattering must fee considered. Somewhere 
bet\?den ten ^4 thirty percent of the incident solar ,ener^ on clea» days will come from 
regio;is of the sky other than the immediate neighborhood o^the solar disc [6]* If it is 



The curves for the flat-plate collectors were' obtained by calculating the 'transmit tan ce 
of a glass, plate as a function of ai^le of incidence using tKe-FresnCl formulae [3]. 

b ^ ^ ' < 

This ratio is rigorously applicable only fn the case of linear convertors, but is indi- ^ 

c^tiv'e of the magnitude of the proMem for all' systems. 
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assumed that this radiation is distributed uniforr^ over the sky, then R can be estimated by 

* _ 10.80 +'Q.1Q] IP(^Q^) + [Q.^Q 0.1Q>^S(i^Q^y - ► / 

[Q.QO + 0.10] XP(0°) + 10.20. O.lOd IS(0^} ' ^-"^-^ 

t • 

for each of the rela^ive'T^ponse functions in Figure C2, where . , - 

0 . * * ' ■ 

iF(e-) = fl^ a(cos'e) cose de - (13) ^ « 

vhich is an estimate of the average <juantity of solar energy that is incident jSrOm 4irettions 
between 9 and 90® to the surface of the --cgllector due to variable location of the sun in the' 
sky, and where . > ' * • 

IS(6J = Z^^"" (<ios9) cosO sine d9 * ^ .(l^*) > 

which is an estimate of the average quantity of solair energy that is incident between 6 and 
90^ to the surface of fhe collector from parts of ^he sky, not near the solar disc. The 
results of this analysis are summarized in Table CI: - * , 

Two effec2-ts that tend to vrorapensate for one another have been igno2;ed in obtaining the 
'estimates in Table CL. Tfe firsts of these is>,that at the higher angles of incidence the 
direct, solar irradiance^ is decreased beyond the effect predicted by the collection^ef ficiency 
of the surface (cos'ipe effect) due to the increased mass of atmosphere thro ugh whicla the 
radiation "must pass.. This would tend to reduce ail of the percentages ?*rrable "CI. On the 
other-hand, t^ie effect of ^clouds has been neglected. Their^ effect* would b^' to increase all 
of , the percentages in Table CI, and to increase the ^incertaintiJes significantly. 

^ ' ^ ' - "* * ' ' ' 

Another Tactor that h'as been ignored in preparing Table CI, is the fact that the ab- , 
90J?p,tion-,€vnd .scattering coefficients .of the atmosphere vary significantly with wavelength. 
Since the s^lar radiation must pass through differing masses of atmosphere when the suij is 
in different parts of the sky, the n^t. spectral attenuation varies with solar locations, 

jas well a*s with meteorological conditions. Thus the-spectral d[istril«tion of solar (radiation 
is subject to temporal variations tl^at interact with the non-Mniformities, oi s^)ectral. 
response in some types of ,coi'lectors and pyranometers . For. the purposes of this section, 
flat-plate iiterm^ cpllecliijrs and thermopile -pyranometers can be considered tq^be spectra:}.ly 
non-selective. However, this is not the case with ^ilicoa cell pyranometers. For this type 
of instrument the effect is shown in Figure 11 of [5], where ;the interaction of , the sp'ectral 
distribution of solar radiation with the spectral response o'f a silicon cell pyranometer . . 
(sol-a-meter) has been investigated under clear sky co;iditions in ^fjioenix, Arizona 1962. 
This study showed small effect^ of ^variation in spectral rels^p^se,, the 'conclusion J?eing 

With proper calibration and adequate attention, to the effects caused by sola/ altitude^ 

a temperaiture-compensated silicon-cell ^yjtijieliometer can be' used with, confidence to measure 

^ direct, total, and diffuse solar radiation- with an accuracy of least S^erc.ent . " 
Unfortunately, t(its conclusion is /based upon'sky conditions that ar^ much cleaner, and less 
humid^than prevail irf muph of the. U.S.^ Furthermore , rthe sun is.mucli higher in tji^ sky on 
the average in Phoenik^.^plian in most other parts of the U.S. Thu^this conclusion cannot be 
extrapolated to the ujs V as a whole without further investigation. ' ^ ' , 

^The purpose of ^^Xe CI is to give ak estimate %f the size of the eprrors that can be 
, exp€5Cted to occur in solar^nversion radiometry due to different directional res^nse^* • 
functions. The entries'^STiie 'table^ould by no meajjs be considered a^ limits of error 
but rather as gui^aing'estimates . When it ii^'rec^led that the useful power dutptit of S 
converter is generally not proportional to the effectiv(?^irradiance , that materials other" 
'than, glass might be used as the cover plate on flat-plate collector^ , that the effect of ^ 
;^irt films on the relative response has been ignored^ as have the .effetgTs, of clpitds^and, 
spectral distribution, it is clear that the uncertainties in predicting the^ usef Ul'^'power 
output from a solar converter, given some effective ii^radiance measurements, could be two or 
three times .as large as the uncertainties sho^ in Nihe table. 



2kl 



Up to now cansidemtio/i has beeij giyen to soulgfce^ 2^<^r<?r thati arjfee* from , the ' nature 
^ 'of the radiat^ioJf that to^ 'be, measured' and how it i^^SiObe we;Lgh€^ed ^spei-^rally and direc-/ 
^ tionally. One must additionalj^" consider the 3o>irceS*'of error that'-f^^-^s^ciated with thk 
^ instruments t>hat will be used ?or thpe measurements. Th^se^ure: \^ , / 

1. ^'aligiMnent of-the "instrume^its 

2. stability »t)f , the instrument's calibration ^ s 

3. chani;es in^the instrument' s "response d-ue to 
variations, in ambient temperature * 

y::^ If. non-linearity in ti;e instruments' s' response 

Latimer, has estimated the errors in the calibration of py^Qanomcters^or meteorological 
applications for the latter t?hree effects*. The root mean-sum ^d^heo-squ^j^'es of these' 
estimates ranges from 2,1% to 3% for the pyranometerS he consid^^ed. LjS^imer h^ also 





The erroVa arising frbm the -ilemporal varifations, in the solar ra^J,^n<?<?^ di^Sn-ibution would 
tend to be larger fcfi'i measurements of effectim than for measui^era^ts'^f total irradiance. - 
•A compaficon of the estimates here (Table Cl) with those of Batijne^ show .them to be of 
comparable magnitude. However, it is important to realize^ thaj^ms. estimates are considerably 
more solid than ours. Measurements of effective irradiance must* accoi^nt *for a response 
function that varies from collector to collector and that is not pi^esent In iatal irradffan^^e 
.measurements. Measurements of ^he maJtimum efficiency of a collectdr raus^^ account for ppsiJible 
veiriations of thig quantity with theeffective irradiance. Thite also ^s not fci factor irf 
total irradi^ance measurements. The^ipact .o^ a less solid uncejjkainty 'f :^ur,e^ will l?e 
addressed in the following sedtio: 



rhe |fcip 



-T^^^X^he^tliiQ^ problem that is much more severe with l^fectivedirKadiartce mea^uremtents than 
withe4;0$aL ii^adiance measurements is the first source of error :i^r€ted' ^bove,^ alignment . 
Generally in totaJ. irraeliance mo^^^orements tlie pyranometer ^is^'to be oriented parallel with 
the^^^average ^itc^ace i^f the *e art h at"* "the location ,in qiiest^Dn. Thig^^is easily^achieved with 
the spirit level t^hat i^ generally affixed to the instrument , provided that thi -level has ^ 
bet;n set parallel "^to the pyranometer receiver. However, In" tRe cars^f effective irradiance 
meaj-^ement^ for flat-plate collecturs, it will b'e necessary to accurately align the plane ^ 
the recei*;ci* with the plane of the collecj;or»^ Tli^-'S could t^oncei^rably present 'some prac^i^l . 
problems. ' , ' »• • ^ , 

A final source of error that must at least be meil^oned is miscalibrationt Error of 
this nature can ai'ise either from human mistaJtes, or frC-m paiibratioa on. different scales. ' 
As an example of the former, consider Uhe possibility of making, ir^diance measurements h ^ ' ♦ 
wil^h comercially available 'laser power meters. Some of the§e instrUmej^s have nominal^ cm ^ 
aperture areas, and eoiJfi.d be suitable fSj? irradiance measxireraents This is true, only if all 

i>l..„ *? 4.ui». 1. _^ 4-. ^_ 4.u„ „„^^,- » 




ol^ the flux that passes thi^ough the apertiire is incident On, the active area of tlie ^recjsiver", 
and only, if the area of tlie receiver is known** It is importan1|^o avoid the. 
repoVt an irradiance of X watts/cm where a^power X watt-s. has b^fc measured*^ 
measurements, yield an aperture area of 1 .cm . * , 0 X 



With reference to calibrations of difference scales, the'U.S*. has' signed the "Treaty-or- 
the«*Metre" and thereby has agreed to report measurements 'jf pow^r in *the .appi^pi^i^te-SI unit, 
the vatt. The U.Cl. has also sign^sd ^bhe treaty setting up the World Meteorolugical Organization^, 
which* has recommended Viat all measurements of radiant power for -rmeteorological^ ^plica^ions v 
be reported an tjie International Pyrhelioraetric Scale^l556, whose units are "called W/cm . 
However^'it ijas been shown [7] that "the IPS_ 195^ W/cm is about tfwo jpercent lover^ than the 
SI W/9m . Moreover,' it cajjr be argued [8J that the fPS 1956 is not precisely ^defined at all 
, and therefore, is reaully me4jaingless , , . • * ''*,\^ - • 



RECOMT'lENDED MEASUREMENT PROCEDURES * \ • 

In this section some recormnended measurement procedui'es will bie described and \he ur^- 
certainties associated witli them given, .he procedures will be described starting Trom the 
primary calibration.. It should not be .a^'umec that -all parts of ihe ^procedure must be ^ 
carried out at^the same ^'ime or even by the rame personnel or organizations. These • 
decisions iavorve 'tr^^e^f f s that cannot be t^nUcipated at this time. Also., some of the 
procedures involve equipment /that is not c-aiiauZe commercially. Clearly; such ir^strujaents 
would have to be developed and their comme-ci^il 'exploitation be encouraged and/or subsidized 
before all these Drocedures could ba^"-adapted. J • , 

The ^jrocedures that will be descrj-bed as Tollows: 

1. Characterization of spectrally non-selective focusing converters, 

2. Ciiaracterization of spectrally non-select'ive flat-plate converters 

The primary instrument for t'he two procedures is an el^ectrically calibrated pyrhelipmeter 
pf modern design. Such an iirstrument is* an radiometer th«it measures the irradiance from a 
small degree half angle) solid angle Qbou.t the sun. The principal of operation is the 
alternate compai-ison of the temperature rise in the instruments' receiver due to radiant - 
•heating with that dueio electrical heating by a measured quantity of electrical powers 
Errors arising'frorii variation in the- instruments » responsivity due to non-linearity and 
changes in ambient '^temperatures are eliminated. Also eliminated .are p^oblems. with calibration 
against 'standard sources 'of radiation such as ^blackbodies. or lamps which were m turn cali- 
brated against a blacKbody. There^ is considerable -evidence, tkat these instruments are 
capable of producing measurements of the total irradiance from a small solid angle about the 
sun -wi^errors less than 0.5 percent of 'the measured value. A^ deflnlitive .statement on 
this question will be available shortly. There are at least two different types of this 
instrument that are presently available fron; commercial sources. \ • ^ 

1. Characterization of Spectrally Non-SeleC^ive Focusing Converters 



v Procedtare 1.1 \ t ' * 

. In this procedure, the simplest to be described, the irrsAiafice from the sky in a small 
ion Etround the solar disS is measure'd with an electrically calibrated pyrheliometer of 
modern desia# tHat Kas a noininally 5 degree field of view. Only two sources of error are • 
significant in this proqed^e. They are the possibility that the pyrheliometer weights 
.•' the radi'ation from the" circumsolar sky differently than'does the focusing converter, and 
the validity of th© a'sSulrrption of spectral., non-selectivity . 

irthe pyrheliometer wights, the radiation from the circumsolar sky more heavily Ijhan - 
dbes the converter Lthen the first effect cannot produce errors ..larsel' than a fevr Percent 
on days that are ^iToQ^ enough for focusing systems to be operatii^. If «us is not the- 
■'■ cas'rf "a detailed. comparison of the exact weighting of the circumsolar radiation Wj^he 
converter and the pyrjjielipmeter must be undertaken. It may also^be desirable to adopt , 
Procedure 1.2. , " ~ , . ■- 

If the spectri response o^ the conv^,ter is known <obe flat to within + X percent 
between 0:2, W m and 2.5 V m, then + X percd6f Is^-a^ very cWervative limif^on the error 
•■ SaHouid be introduced by'^is a?sumption.. . Tighter limitl dn tWs erf^r =-1^^^^'?^°^;;-^ 
4 by calculating the change in ef-fpctive irradl'ance 4ue to chabges to spectrM distriDution 

S the^iatfon from the solar disc. It shoul'd be'emphasijd that knowledge of the spectral 
' response of the conv^' that is accurate enoughT fpY this/rocedure is probabLy available 
■V .: only for systeffs that are relatively spectrally non-'selec^ive over thfe 0.3 V m to 2.5^W m 

■• -'waveiength range,' thaf is systems with black absorbers aftd simple optics entirely or glass . 
"./-.'■■.w quartz. K this is-nqt.the case, a more elaborate procedure should be adopted. 

-Simultaneous measurement T of the ^fectiv^i-fadiance & and the useful power output 
'allow the'maS&i efficiency 6<E»)- to be detejflned as a function oi^*. . - • 

' ' ' - • 
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Procedure 1.2 J 
• ' ' * . ' . , . - * 

This procedure is, identical to the preceding one , except that the.geOTietry of the view 
^ ^imiting aperture of the pyrheliometej? is modified so that the radiatiSn from tfie circumsolar , * 
Sky IS weighted identically by the focusing converter and the pyrheliometer ' With this ^ 
^^rocedure, measurements of the effective irradiance of spectrally non-selective, fojcusing 
'converters with uncertainties approaching +0.5 percent sfeould be achievable. The effect 
' . of imperfect spectral non-selectivity is identical tq that described under Procedure 1.1. * 

, * * ^ * ^ 

* . • ^ ]!^roc*e4ure 1.3 • ' 

t 

* 'I'his procedure involves use of a so/ar simulator to 'charactt?riz;e a focusing converter. * 
It is, recommended because the detailed source geometry will differ radically from* that of 
P^^ solar. disc and' circumsolar sky, and might introduce uncertainties that are difficult 
to quantify. , , • ' ^ ^ . . ^ • I 

- ^ » C6lTirnents *. * * 
, ^ • . ^ • 

In the first two procetitires,, it has been assumed that the pyrheliometer is precisely 
''•^ x.aimed at the solaz-'disc. J.^this is not the case, errors that, are difficult toV^ntify 

(in the general case, ^ecific exampies.can.be handled readiiy) will be incurred. Precise 
aiming can 'be achieved by simple fUec^nical means', and precise aiming Was already been 3,n- * 
corporated into the focusing converter. Therefore, it is recommended that procedures and 
mechanics be adopted that reduce the Uncertainty^ due to this source of error to a level 
significantly below the uncertainties thut.arisenfrom the assumption i^f spectral »non-se lec- " 
tivity^and the effect, cjf the circumsolar sky. ^ . . - 

• ■ - • . • - < 

- 2.^ - Characterization of Spectj/ally u^on-Selective Flat-Plate Converters 

The primary instrument ,for these procedures is the same as above', an electi^cally cali- 
_ - brated pyrheliometer of modern design. However, in the following procedures, ttie pyrheliometer 
will^not be_ used to charter ise a flat-plate collector but r^the?: to calibrate ano'ther - • . 
type of instrument ?hat can more closely follow the direcUional response of the couvertew. 

Pyranometers are commercially available instruments that more closely follow the direc- 
tional r.esponse o^ flut-plate converters than ^o pyrheliometers . Their design g<^al is "a ^ 
relative directional response that is independent of direction and a^^ollection efficiency 
y oY ,a plane surface- (cosB, where 0 is^the a«gle of incidence relative to some reference 
* direction). It is commonly assumed in measurements of t^otal solar irradiance with this- , 

instriaraent that errors of less than 5 percent can be achieved if great care' is takerf. / 

, - ; , . V • ^ , , 

*^""TIaere are other types of instruments that woidd ie of more use to -solar conversion " , 

radiometn^ than are -pyranometers, ~^or instance pyranometer-like instrument whose -rela- 
tive dii^Qtional response could be -changed to simulate the' relative response of va±-dous 
common %pes of ^lat-plate collectors would beja^eful.' Another Jiype" of potentially/ useful 
* * ./^.?vice would be a pyranoifteter-like' instrument whos!^ field of view co;ild b^ adjusted.^- From 

' F%ire C3, i't is concluded that useful fields of view might be 0^ to UO®, UQ9 to 60^^60*^ to . 
\^ TO^-j. and YO® to 80® about the r^ormal to the instrument Actually both of the^se requirements 

»c^uld be satisi'i'ted by « single instrument.' A conceptual diagram 'is shown in Figure Ch. 

Notice that this instrument has .flat windows rather they:!" the domed^^window of the con- 
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ventional pyranometer . ' Th^ windows a^e^reiSovaMe so that single wdndov "and -double window 
collectors with ot)ier window m'ateriaXs as. well as^ glass couldlbe characterized.. THfe removable 
top plate limits the 'ins.t;r'ument6 » fieldlof '^'w^ ' For the instrXiment shown in the 'figure, 
the field of view'ls. nominally 70^ to 8D^ about the normar, but the finite size^of^the*^ 
receiver, degrddes the direfirtional response function from IJlie .ideal. A smaller *receiv6r would 
improve this Situation. Another usefid featur^ *would be etectric^ cal^ibration. ThtB would 
not eliminate the ^requirement for calibratign with an electrically calibrated pyrheliometer, ^ 
since "^the effect of the windows would still need to te determinedi It would however eliminate 
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errors arising from non-proportional response / temperature coefficient of response, and 
^variations of resoonse with orlentatioru" Such an instrument could be called an electrically/ 
calibrated ♦**flat7plate pyranometer, ^ -r-"- — • ^ ^ ^ 

Prior .to discussing the characterizationi procedures , the wa^ in which one or Iradre 
conventional or flat-plate pyranometers cotfld be^ cal^Lbrated will be described. 

, ^ Pyranometer Calibration Proc^durg 1 

• The pyrsunometers are csCiibrAted following the procedure of Latimer ["^1 using the sun$* 
.sky,- an occulting- disc as the source of radiation, and an electrically c$ilibrated^j)yxhe3,io- 
*meter of modern, desiga to measure the irracHance from^a small |olid^"an^le abo\!kt j;he*sun. 2 
It is r.ecommended that the pyrlieliometer readout* be in SI W/cm rather than iii IPS 1956 W/cia : 
Latimer's estimates of the accuracy s"hould^be. valid. , * ^ ♦ 

( * , : - ' - " . ' ^ • 

^ . , ^ * X^rapometgi- Calibratil?n Procedure 2 f * 

* , The pyranometers are calibrated with a solar simulator that uses a well filtered zenon 
: arc 'as a. source of radiation, and an electrically , calibrate pyrheliometer of mo^dero-iesign 
to measure the irradiance from the^-soiar simul^itor Care must be taken to fissure that the 
field ofv view of 'the pyrheliometer i^ larger than the ar>gular extent of the radiation fr©m 
the Simulator,' and that interreflecti^is- of f o.f Wlls , , pe9pl^ , *^tc . do not irvCerfere with- 
the measurement. Rec;ommended pr^ctj£es for using solar simulators are avail^le. This . , 
proced^e has the potential to pji^duce more accural results ^an the .preceding procedure 
duetto the fact ,that much greater control of the experimental parameters is available.*^ 
However, a considerable amount of -careful work must be perfoicned before this potential can 
be realized. \ ^ . * • - 

0 ' Characterization Procedure 2,1 ' • ^ " ' * ' ' ^ 

ft ^ ' ^ ' , ' » * ** 

■ 1. > Choose the /lost linear conv^ft^4onal .pyranometer with the smallest temperature ^ « ^ 

coeff icienv^aiiable. " . ^ - ' * 

2. " Calibrate it or have it calibrated folLsytng the procedures above. ^ . ^ ^* 

3, Cfi»»i fully orient the pyranoraet'er so that; its receiver is parallel to the surface' 

.oT Che collector, being sure that nothing obstructs th& field of view of either • ♦ ^ ^ 

*the collector or the pyranometeii^-.XLLJhe collector is mounted in a Tocation whebre 
a wall of tower or "any other permanent object obstructs i,ts. field of view, the ^ 
object must be considered a^ai*t of the converter that modifies its directional . 
response). - , , ^ * 

k. Use the measured Values of irradiance to est.iraa^t^ the effective irradiartce of the 

collector. • * ^ * - , , » * . 

This procedure is probabj^ insuff icierX because_af large time dependent errors that are ^ J 

difficult to quantify^. ^ ^ / 

J Procedure 2.2 ^ ^ ~ *" # « « 

^teps 1, 2, .-and 3 are identic^fe tjie^steps in:Prpcedure 2.1. Step k above should be • * 
~ replaced with the it>ilowing: Ce^cl^ate the effective irradiance from measured values of .* 

the total irradiance on the co^^ector and theoretic^al values of the directional response ^, ^ - 
. of the collector using astronomical *and meteoro3,ogical data to wodel the fime dependence ^« ♦ - . . ' 

of. the' radiance distribution of the sky as in the previous major sectida of this Appendix , ^ . ^ 



iThere are four major sources of error affecting this p?:'ocedure. First, the astronpmical 
and meteorological model o^f ^the time dependenW;iacliance distribution of the sky may be faulty. 
It is difficult to estimate limits *of the error that could arise from this source. ^Second , 
the theoretical values of the directional response of the^ collector may be in error due to 



^his is the procedure, that has been adopted. in the current version bfithe collector t^est 
• procedure. ' . _ ' * , / * ' 

\erhaps even niojie^ "sophisticated mete^tologicai techniques should be used^t 



unknown factors affecting the materials or construction of the device. It is also difficCllt 

to. estimate limits of the error that could arise from this source^ Third, measurements of* * 

total irradiance with pyranometers are typically subject to erroVs at the t 5 percent level. 

Fourth, any dependence of the maximum ccJnversion efficiency as a .function of the^ef fective - 

.irradiance 3(2*) upon E* would .interact >n an unpredictable way with the errors arising 

* from the first three sources to produce more error. ' — - 

• i I . ^ .1 » ✓ ^ 

It, is very^ifficuit tcS^6l)tain reliable uncertainties for this procedure. Twenty' to>~^ 
forty percent dies not seem pessimistic, yet the acttCal error could be well below these 
limits. Only careful ijivestigations of a rather substantial nature could produce reliable 
uncertainties i» ' , • « » / 

Procedure 2.3 ♦ - * ' " 

' ' ~^ • . - > " ' • — • 

1. Choose an electrically calibrated flat-plate pyranometer with the same type of- 
windows as the flat-plate collector that is to be characterized. " * _ 

2. Calibrate tl^ pyranoraeter or ha^«e JLt calibrate<lXollo^"g the procedures given 
previously. * ' • .-^ 

'-^r This step is ider^tioai to step. 3 of Procedure' 2.1. ' - 

Use tife'measured values of the effective irradiance of the pyranometer, as estimates 
^ of the effective irradiance of the collector. • * 

This is somewhat of a half-way measure. It does eliminate the first and third source. 
, of error affecting Procedure 2.2, but the* second and fouz^th errors are still present. 
KReliable uncertsCintiBs are still difficult to obtain. * ' 

. Procedure >2V^ -a v ' ' * . . , 

1. Choose' four e^e^ricially calibrated flat-plate pyranometers wi*h the same type of ' 
.windows as the- flatrjplate -collector that is to be calibrated. 

2. Calibrate each of the pyranometers or have them calibrated * following the procedures 

' given previously, "^y^y ^o get some data for near noftnal incidence. This may require 
tilting ^'he pyranom^ter at an accurately measured"*angle toward the sun. Verify 
that all four instruments -have identical directional response. 

3. Affix a'0° to 1*0^, l40° to 60°, 60° to 70°,^and 70° to-80° view limiting aperttiVe ^ \ 
.^^to the four pyranometers, respectively. . t.,v . 

" This ^procedure is identical to step" 3 of Procedure 2.1. • . 
5. Fit the measured values of useful output power P from the solar converter to the f 

equation ' • ■ o , - *^ : . > 

^o = fyiAiV!^ ^ ^ ^ v 

vmere f(x;^is a low power polyi^omial or other function that is appropriate for 
describing^ the non-linear be^vior of the converter, where E.* is the effective 

^ . irradiance measured'by the i instrument-, arjd where<A. are unknown constants, to % 

be 'determined by the fitting procedure. * . • i . • , 

^Xf all are identical, then the. directional response of the converter is identical 
to that of the pyranometers, any one of'^hich may th^n be used t<f nreasure the efi'ective ^ 
irradiance of the converfer with its view limiting ape;rture removed following Procedure 2.3.'-—-. 
If the A. are significantly but not dr^tica^ly different, the di|»ectional response of the - 
converter can be approximated by a ^smooth curve drawn, through the points* 

R(i))r ■ ' • . 

• (50°, R(cos50°)/A^); " ' f / : . 

■ (55°r A. R(cos65<')/A )., ^ . , ' '.' ' ' 
and- (75°,-A. R{cos75°5/A,) • * ' 

■ ■ ■■ : ^ m ^ ^ - ■ ' . ■ ' 
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where RGsosS) is the relative response function of the flat-plate pyranomel5er obtained ^pm « 
step 2. If the A. are drastically different, deter&ine the cause of the difference in rela- 
tive response between the flat-jjlate collector and pyrdnometers J and appropriately modify " 
the pyranometers (adding or changing a window for instance). Repeat Procedure 2.1* .with the 
'modified pyranometers. 

This procedure eliminates or at least drastically redluces all of the errors present 
with Brocedure 2. '2. Uncertainties considerably smaller than + 5 percent should be obtainable. 
That tftis^rocedure should produce effective irradiance data of higher, accuracy than that 
of the fotal irradiance data'* obtained .^om pyranomOTers should not be surprising. ^ The pro- 
cedure^ is based on electrically calibrated instruments which eliminate two of the largest 
soilrces of erjror in pyranometers (variations of responsivity with ambient temperature, and 
non-proportional respons^) j A number of instruments with limited fields of view have beerf 
used to decrease the effect of the third large source of error. Furthermore, pow^r available 
near gra^j^incidence is less heavily tJeighted in the effective, irradiance th^ In the 
*total ir^oiiance. » . ^ • 
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^ , CONCLUSIONS RECOf^IENDATIONS ~ , . 

' « 
It is /premature to describe procedures for measuring the effective irrad?.ance of spec- 
trally selective converters. Further study must be done to determine whether effective 
.'irradianQe is indeed the concept* to be used. . • 

Ah investigation of the uncej?tainty associated with Pirocedure 2.2 should be undertaken 
by NCAA and/ or supported by fmA. It would consist*of a comparison oS the effective ir radiance 
of 'some flSt-plate pyranometers as measured by Procedure 2.3 and as calculated "•from Pro- ^ 
cedure 2.2 usin^ the me^ured relative directional response of, the pyranometer obtained* in 
Procedure 2.3. The flat-plate p;7ranometers would-be chosen, to simulate the relative direc- 
tional' response of typical fiat-plate converters, and the theoretical and measured relative 
directional responses of the pyranometer could be compared. The result would be reliable 
uncertainties fc»r the first thi-ee sources of error affecting Procedure 2.2. If these 
iincertainties were satisfactorily smally Procedure 2.^ could be^adopted as a standard pro- 
cedure. Ii*'no^, the commercial developmer.t of cne fla^-pla^e converters c^uld be encourage^, 
^rid Proceiui-e Jr^anci 'I.- <50uii b^ adopted depending upon how accurately the theoretical 
response of flat^Iate pyranoneters matched "Cheir measured response. 
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^-^^ The surface S contains the pQint p, the normal to S at p n, 

17 ^ , and. the solid angle Q su1:ro;unds tjie direction m whic^gnakes an 

|- ' angle 6 with n. The * flux is assumed to be blowing in the 

Z opposite direction of m. ' • . 
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Pigure~G2. The Kelative Directional Response of CDmmercially 
, 'Available Pyranometers . ' ' <.' '~ g 
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Upper Curve - winter solstice 
Middle curve - eqti.inoxes , ^* 
Lower curve - summer solstice 
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The Projection of the Path of the-Sun throqgh a 
Hemisphere Whose Polar Axis is Perpendicular to 
the Surface of the Earth atr a Latitude of 37^, 
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